Atomic Chemistry in Turbulent Astrophysical Media II: Effect of the
  Redshift Zero Metagalactic Background by Gray, William J & Scannapieco, Evan
Draft version November 6, 2018
Preprint typeset using LATEX style emulateapj v. 5/2/11
ATOMIC CHEMISTRY IN TURBULENT ASTROPHYSICAL MEDIA II: EFFECT OF THE REDSHIFT ZERO
METAGALACTIC BACKGROUND
William J. Gray1 & Evan Scannapieco2
Draft version November 6, 2018
ABSTRACT
We carry out direct numerical simulations of turbulent astrophysical media exposed to the red-
shift zero metagalactic background. The simulations assume solar composition and explicitly track
ionizations, recombinations, and ion-by-ion radiative cooling for hydrogen, helium, carbon, nitrogen,
oxygen, neon, sodium, magnesium, silicon, sulfur, calcium, and iron. Each run reaches a global steady
state that not only depends on the ionization parameter, U, and mass-weighted average temperature,
TMW, but also on the the one-dimensional turbulent velocity dispersion, σ1D. We carry out runs that
span a grid of models with U ranging from 0 to 10−1 and σ1D ranging from 3.5 to 58 km s−1, and we
vary the product of the mean density and the driving scale of the turbulence, nL, which determines
the average temperature of the medium, from nL = 1016 to nL = 1020 cm−2. The turbulent Mach
numbers of our simulations vary from M ≈ 0.5 for the lowest velocity dispersions cases to M ≈ 20
for the largest velocity dispersion cases. When M . 1, turbulent effects are minimal, and the species
abundances are reasonably described as those of a uniform photoionized medium at a fixed tempera-
ture. On the other hand, when M & 1, dynamical simulations such as the ones carried out here are
required to accurately predict the species abundances. We gather our results into a set of tables, to
allow future redshift zero studies of the intergalactic medium to account for turbulent effects.
Subject headings: ISM: abundances, ISM: atoms, astrochemistry, turbulence
1. INTRODUCTION
Turbulence is omnipresent in astrophysics, where the
Reynolds number, the ratio of the inertial forces to the
viscous forces, is often orders of magnitudes higher than
found on the Earth. In many astrophysical regimes, ef-
ficient cooling causes turbulent velocities to exceed the
local sound speed, which develop into supersonic turbu-
lence. These motions compress a fraction of the medium
to very high densities (e.g., Padoan et al. 1997; Mac Low
& Klessen 2004; Federrath et al. 2008; Vazquez-Semadeni
2012), producing a complex, multi-phase medium.
In addition, for many species, the recombination time
and collisional ionization times are long compared to the
“eddy turn-over time” on which existing turbulent mo-
tions decay and new turbulent motions are added (de
Avillez & Breitschwerdt 2012). Therefore, conditions ex-
perienced by a parcel of gas may change before any sort
of equilibrium is reached (e.g., Gray et al. 2015). The
ionization structure of the parcel, then, depends not only
the temperature, density, and chemical makeup but on
the velocity distribution as well. For these reasons, the
turbulent structure of the gas can significantly impact
line emission and absorption diagnostics. Most interpre-
tations of observed spectra, however, do not take into
account these multi-phase and nonequilibrium effects.
At z ≈ 0, for example, Werk et al. (2014) used the Cos-
mic Origins Spectrograph (Green et al. 2012) to measure
low and intermediate ionization state ions in the circum-
galactic medium (CGM) within 100 kpc of galaxies of
various types (see also Tumlinson et al. 2013; Werk et al.
2013; Peeples et al. 2014). To match the observations
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with models that did not include turbulence, they had
to adopt large ionization parameters, defined as the ra-
tio of ionizing photon density to the hydrogen density.
Given the observed range of metagalactic and host galaxy
fluxes, these ratios corresponded to densities and pres-
sures over two orders of magnitude lower than expected
from hydrostatic balance. However, given the long re-
combination and cooling times in the diffuse CGM, tur-
bulent heating may be sufficient to substantially change
this picture.
It is with these issues in mind that we have carried out
the first exact numerical calculations of turbulent astro-
physical media exposed to the redshift zero metagalactic
background. The simulations assume solar composition
and explicitly track ionizations, recombinations, and ion-
by-ion radiative cooling for hydrogen, helium, carbon, ni-
trogen, oxygen, neon, sodium, magnesium, silicon, sulfur,
calcium, and iron. The work presented here continues
the work presented in Gray et al. (2015). Taking advan-
tage of the scaling properties of cooling, turbulence, and
the UV background, we are able to fully span the rele-
vant range of conditions experienced in atomically cooled
astrophysical plasmas: cataloging their hydrodynamical
and chemical properties for comparison with more ideal-
ized simulations and tabulating their species mass frac-
tions and Doppler parameters for use in the interpreta-
tion of future theoretical and observational studies.
The paper is organized as follows. In §2, we outline
our numerical techniques, concentrating on the improve-
ments to the chemical network and the addition of the
UV background. We also present validation tests of the
network. In §3 we present the simulation setup and ini-
tial conditions, and in §4 we describe our results, taking
particular note of the probability density functions and
the effect of the photoionizing background. Concluding
ar
X
iv
:1
51
1.
05
15
8v
1 
 [a
str
o-
ph
.C
O]
  1
6 N
ov
 20
15
2remarks are given in §5.
2. NUMERICAL METHOD
All simulations were performed with FLASH version
4.3 (Fryxell et al. 2000), a publicly-available hydrody-
namics code. We solved the hydrodynamics equations
using an unsplit solver with third-order reconstructions,
which is based on the method presented in Lee (2013). To
ensure the stability of the code as turbulence develops,
we employed a hybrid Riemann solver which uses both an
extremely accurate but somewhat fragile Harten-Lax-van
Leer-Contact (HLLC) solver (e.g., Toro et al. 1994; Toro
1999) and a more robust, but more diffusive Harten Lax
and van Leer (HLL) solver (Einfeldt et al. 1991). The
HLLC solver is a modification to the HLL solver that in-
cludes the missing shear and contact waves, and it pro-
duces solutions that most accurately capture contact dis-
continuities. However, in regions with strong shocks or
rarefactions, the HLLC solver can fail, and in such situa-
tions, we switch to the positivity-preserving HLL solver.
Magnetohydrodynamic effects were not included in this
study, and we also ignored electron conduction, which
was shown in Paper I to be unimportant in determining
the species mass fractions.
Accurately determining the atomic properties of tur-
bulent media requires the use of two code modules not
available in the current public version of FLASH: a non-
equilibrium ionization package that tracks the ionization
state of each of the atomic species of interest, and a cool-
ing routine that takes into account the cooling from each
of these ionized states individually. Here we describe our
numerical implementation of each of these capabilities.
2.1. Atomic Chemistry
Our ionization network is an updated and expanded
version of the network presented in Paper 1. The network
now follows 240 reactions between 65 species of 12 ele-
ments: hydrogen (H and H+), helium (He-He2+), carbon
(C-C5+), nitrogen (N-N6+), oxygen (O-O7+), neon (Ne-
Ne9+), sodium (Na and Na2+), magnesium (Mg-Mg3+),
silicon (Si-Si5+), sulfur (S-S4+), calcium (Ca-Ca4+), iron
(Fe-Fe4+), and electrons (e−). As in our previous work,
for each species we consider collisional ionizations by
electrons, radiative and dielectronic recombinations, but
unlike in Paper 1, our expanded network also includes
charge transfer reactions, as well as photoionizations due
to a UV background. Appendix A lists the reactions we
include, along with the reference from which each reac-
tion rate was obtained.
Recent observations of the circumgalactic medium
around low redshift galaxies have found that dust makes
up a non-zero portion of the gas (e.g., Peek et al. 2015;
Lehner et al. 2015). Therefore, absorption of UV pho-
tons by dust can be an important issue. However, for the
purposes of this study and the models presented here,
we have not included this process. Recent work has also
considered the impact of non-Maxwellian electron energy
distributions in single-zone models for nebular spectra
(Nicholls et al. 2012, 2013). Here we fully include the
range of temperatures that occur in astrophysical turbu-
lence, but assume that the electron energy distribution
in each cell of the simulation can be adequately described
as Maxwellian.
In this paper, the photoionizing reaction rates 107-158
are computed by assuming the gas is illuminated by the
z = 0 metagalactic background radiation field with a
spectral shape taken from Haardt & Madau (2012). For
each ion i, the photoionization rate is computed as
Γi ≡
∫
dν
4piJν
hν
σi(ν), (1)
where Jν is the background intensity in units of ergs s−1
cm−2 Hz−1 sr−1 and σi(ν) is the photoionization cross
section, taken from Verner et al. (1996).
In order to account for material under the full range
of conditions seen in the intergalactic medium, we have
chosen to parameterize the background in term of the
flux at the Lyman limit, Jν =10−21J21 ergs s−1 cm−2
Hz−1 sr−1. This allows us to vary the background dur-
ing runtime, such that a single run is able to generate
results applicable to a wide range of background levels.
The ionization parameter U, defined as is the ratio of
the number of ionizing photons to the number density of
hydrogen, is then given by
U ≡ Φ(H)
n(H)c
=
4pi
n(H)c
∫ Jν
hν
dν =
nγ
n(H)
, (2)
where Φ(H) is the surface density of ionizing photons,
n(H) is the total hydrogen number density, and nγ is
equivalent to Φ(H)/c. For a given background shape, nγ
is precomputed and stored, such that for a target ioniza-
tion parameter, J21 can be computed and used in both
the chemical and photoheating rates. To ensure that
the computed photoionization rates are correct, we com-
pared the difference between the calculated photoioniza-
tion rates and those obtained by Haardt & Madau (2012)
for H, He, and He+, and found a nearly identical match,
with differences less than 2%. The method of solving this
network is the same as described in Paper 1, to which we
refer the interested reader for details.
To test our new network, we calculated a series of sim-
ple models with a fixed density and temperature, running
each case until the species reached equilibrium. We ran
a series of seven models, each with a fixed density of
2.0×10−20 g cm−3, but with temperatures that spanned
the range between 104 and 107 K. All species were as-
sumed to be slightly ionized initially, with 90% of each
species neutral and 10% singly ionized.
Tests of the network were then conducted both with
and without the inclusion of an ionizing background, and
the final abundances were compared to equilibrium mod-
els from Cloudy (version 10.01 Ferland et al. 1998). As a
test of our code in a case without an ionizing background,
we used the “coronal equilibrium” command in Cloudy,
which enforces only collisional ionizations. As a test of
our code including an ionizing background, we compared
our results to those from Cloudy assuming an ionization
parameter of U=10−3. To closely match the conditions
implemented in Cloudy, we assumed optically-thin condi-
tions and used the Badnell (2006b) and Badnell (2006a)
rates for H+ + e− →H, He+ + e− →He, and He2+ + e−
→He+, rather than the Glover & Abel (2008) and Glover
& Savin (2009) rates taken for the rest of this study.
The left panel of Fig. 1 shows the results from col-
lisional ionization test. We find that our new network
gives results that are nearly identical to those obtained
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Figure 1. Comparison of the species abundances between Cloudy and FLASH. Left: Comparison with a zero ionization parameter and
Right: with an ionization parameter of U = 1×10−3. Each panel shows the results for a different element, as labeled. The lines corresponds
to the Cloudy results while the points are from FLASH. We plot the equilibrium temperature along the x-axis and the fractional abundance
of each species, i.e. Fi = ni/ns where ns is the elemental abundance, for each species as the y-axis. A universal legend is given at the top
of the figure and the same ionization state is given by the same color and line style in each panel.
with Cloudy. The right panel of Fig. 1 shows the results
from the UV background test. Again, we find very good
agreement with Cloudy. Although there are a slight dif-
ferences for some ions, such as He2+ at low temperatures,
it is likely this is due to the slight differences in the z = 0
background implemented in FLASH, which uses the most
recent Haardt & Madau spectrum, whereas Cloudy uses
the spectrum from Haardt & Madau (2005, private com-
munication).
2.2. Cooling & Heating
We have also expanded the number of cooling terms
from those in Paper I, to follow the cooling coming from
our expanded species network. The cooling rates are
computed in the same way as in Paper 1 and Gnat &
Ferland (2012), (see also Oppenheimer & Schaye 2013),
which takes advantage of several physical processes im-
plemented in Cloudy (Ferland et al. 1998, 2013).
With the inclusion of a UV background, photoheating
of the gas also becomes important. The photoheating
rate for each ion is computed as
Hi ≡
∫
dν
4piJν
hν
σi(ν)h(ν − νi), (3)
where hνi is the ionization potential of ion i. In addi-
tion, we include the heating due to Compton scattering
in which high-energy photons lose energy to low energy
electrons. As we did for the photoionization rates, we
have compared the calculated photoheating rates for H,
He, He+ and Compton heating from those presented in
Haardt & Madau (2012). In all cases, we obtain results
within 1% of those in Haardt & Madau (2012).
To test our updated cooling routines, we ran a set simu-
lations in which we initialized the gas at a temperature of
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Figure 2. Cooling curve comparison between Cloudy and
FLASH. Left Panel: U=0 and Right Panel: U=10−3. The x-
axis is the logarithm of time and the y-axis is the gas temperature.
The solid lines are the FLASH results while the star symbols are
from Cloudy. The blue (solid) line shows ρ=5×10−27 g cm−3,
green (dashed) line shows ρ=1×10−26 g cm−3, magenta (dotted)
line shows ρ=5×10−26g cm−3, and cyan (dash-dotted) line shows
ρ=1×10−25g cm−3.
T = 106 K, set the species to their local ionization equi-
librium values, and set the initial density between 10−27
and 10−25 g cm−3. Two cases are considered, one with no
UV background and one with an U = 10−3 background.
Fig. 2 shows the results of these runs, as compared to
similar models run with Cloudy. Again, we find that the
temperature curves obtained from FLASH and Cloudy
match closely. Furthermore, since all the cooling rates
under consideration are two-body reactions, the cooling
time should scale linearly with density, such that increas-
ing the gas number density by ten, for example, will lead
to cooling that occurs ten times faster. For all runs, the
temperature evolution captures this behavior.
3. MODEL FRAMEWORK & INITIAL CONDITIONS
With the updated routines in place, we conducted
a suite of simulations of turbulent media over a wide
range of conditions. Each of these simulations was car-
ried out in a 1283 periodic box, a resolution which is
low compared to most current turbulence simulations
(e.g. Ostriker et al. 2001; Haugen et al. 2004; Kritsuk
et al. 2007; Federrath et al. 2008; Pan & Scannapieco
2010; Federrath et al. 2010; Downes 2012; Gazol & Kim
2013; Folini et al. 2014; Sur et al. 2014; Federrath &
Banerjee 2015) but nevertheless sufficient to obtain accu-
rate results for the species abundances we are interested
in here, as shown in Paper 1. This allows us to sig-
nificantly reduce computational costs and span a large
parameter space. As in Paper 1, turbulence was con-
tinuously driven throughout the runtime, as a stochas-
tic Ornstein-Uhlenbeck (OU) process (Eswaran & Pope
1988; Benzi et al. 2008). This driving was carried out
solely though solenoidal modes (i.e. ∇ · F = 0) in the
range of wavenumbers 1 ≤ Lbox|k|/2pi ≤ 3, such that the
average forcing wavenumber was k−1f ' 2Lbox/2pi, where
Lbox is the size of our turbulent box, which is fixed at
100 parsecs on a side. As shown in Pan & Scannapieco
(2010), most of the turbulent kinetic energy is found in
the solenoidal modes at smaller scales over a wide range
of mach numbers. This justifies our choice of solenoidal
only driving.
Altogether, our simulations solve the following equa-
tions:
∂tρ+∇ · (ρv) = 0, (4)
ρ [∂tv + (v · ∇)v] =−∇p+ ρF, (5)
∂tE +∇ · [Ev] =−∇ · (pv) + vρF (6)
− ρ
2Xe
mHme
∑
i
Λi(T )
Xi
µi
+χU
ρ2XH
m2H
∑
i
HiXi
µi
,
∂tρXi +∇ · (Xiρv) =ρAiR˙i(U), (7)
where ρ, v, p, E, and Xi denote the density, velocity,
pressure, total (internal and kinetic) energy density, and
mass fraction of species i, mH is the mass of hydrogen,
µi is the atomic mass of the species i, χ is a constant
determined by the UV background, and ρAiR˙i(U) is the
change in the mass density of species i due to ioniza-
tions and recombinations for a given ionization parame-
ter. R˙i(U) has a form of
R˙i=
ρ
mH
∑
j,k
(
XlXk
µlµk
kl,k − XiXj
µiµj
ki,j
)
−χU ρXH
mH
∑
i
Γi
Xi
µi
, (8)
where the first term on the right hand side accounts for
the formation of species i through the collision of species
l and k with rate kl,k, the second term accounts for the
destruction of i by collisions with species j with rate
kl,k. The third term corresponds to the photoionization
of species i by a background with ionization parameter
U.
To ensure a consistent σ driving throughout each simu-
lation, we have implemented an adaptive method driving
scheme to update the driving conditions. In essence, at
each time step we compute the global average σ and com-
pare that to the target σ, adjusting the forcing accord-
ingly. At each timestep the Ornstein-Uhlenbeck process
evolves the six separate phases (real and imaginary in
each spatial direction) for each mode by first decaying
the previous value by an exponential y = e∆t/τ , then
adding a Gaussian random variable with a given vari-
ance, weighted by a driving factor of the from
√
1− y2.
The variance is defined at the square root of the specific
energy input rate divided by the decay time. Therefore,
by updating the specific energy input rate we can ensure
that σ remains nearly constant throughout each simula-
tion. In the simulation presented below we have updated
the specific energy input rate as ∝ (σi/σt)−5, where σi is
the current global velocity dispersion and σt is the target
value.
For all runs, the material was assumed to have solar
metallicity, and each run was defined by an initial uni-
form density and the strength of turbulent forcing. The
ionization state of each element was initially set to be
consistent with a 105 K gas in collisional ionization equi-
librium. For most cases, the eddy turnover timescale
5was much shorter than the timescale for the chemistry to
come to equilibrium. Each model was then run normally
until it reached a global steady state in terms of both the
hydrodynamic variables and the chemical abundances.
In reactions that involve free electrons recombining
with ions, the optical depth of the environment becomes
important. If the environment was optically thin (Case
A; Osterbrock 1989), the ionizing photons were allowed
to escape, while in the optically thick case (Case B),
the photons were reabsorbed by a nearby neutral atom,
which has the effect of lowering overall recombination
rate. We included these effects for hydrogen, helium,
and singly ionized helium which have the highest num-
ber densities and provide most of the free electrons. To
best estimate the appropriate case for each run, at each
time step we calculated the optical depth as,
τi = X¯iρ¯σν,iLbox/µimH, (9)
where X¯i is the global species mass fraction, ρ¯ is the
mean ambient density, σν,i are the photoionization cross
sections, and mH is the mass of hydrogen, and µ is the
atomic mass of species i. The recombination rate for
these species is then
krec = e
−τikA + (1.0− e−τi)kB, (10)
where krec is the new recombination rate and kA and kB
are the Case A and B recombination rates respectively,
which differ by a factor . 2. When the optical depth
is low, e−τi ≈ 1.0 and we defaulted to the Case A rate.
Conversely when the optical depth is large, e−τH ≈ 0.0
and we used the Case B rate.
Particular care must be taken for He+recombination
since some of the photons produced from recombina-
tion are used to photoionze hydrogen rather than He.
As mentioned in Glover & Savin (2009) and Oster-
brock (1989), the net recombination rate is larger than
the Case B rate. For primordial gas with low molec-
ular abundances Osterbrock (1989) found that around
68% of the photons are absorbed by H and 32% is ab-
sorbed by He. Therefore, we define an effective Case B
He+recombination rate as,
k2 = 0.68kA + 0.32kB + kdia, (11)
where kA is the Case A He
+recombination rate, kB is the
Case B He+recombination rate, and kdia is the dielec-
tronic recombination rate. To include the effect of these
photons on the photoioniation rate of H, we include an
additional rate with the form of
k53,CaseA = kA + kdia
k53,CaseB = 0.68(kA − kB) + 0.96kB + 2kdia,
k53,CaseB = 0.68kA + 0.28kB + 2kdia,
where kA, kB , and kdia are the He
+ Case A, Case B, and
dielectronic recombination rates respectively. The first
term in the k53,CaseB comes from the direct recombina-
tion to to the ground state, the second comes the nom-
inal Case B rates, and the third comes from dielectric
recombination. The factor of 0.96 for the Case B rates
comes from the fact that in the low density limit 96% of
all recombinations to excited states will produce photons
capable of ionizing hydrogen Glover & Savin (2009); Os-
terbrock (1989). In addition, every dielectric recombina-
tion will produce two photons that can ionize hydrogen,
one as the captured electron falls to the ground state,
and one due to the radiative stabilization of the process
(Glover & Savin 2009).
As noted above, we have defined the cooling rates for
each species between 5000 and 108 K. In regions where
the temperature is below this range, we turned off cooling
while allowing the chemistry to evolve, and enforced an
absolute temperature floor at 100 K.
3.1. Adaptive Background
For each combination of initial density and σ1D we
aim to study the steady state ionization fractions over a
range in ionization parameter of 0 (i.e. no background)
to 1×10−1. For gas temperatures of T=105 and 106
K Wiersma et al. (2009) showed that the photoionizing
background reduces the metal cooling efficiencies when
the ionization parameter is &10−3 and &10−1 respec-
tively. As we will show below, most of our gas is ≈104K,
this justifies our upper limit on U . However, to avoid
running a series of models in a three dimensional pa-
rameter space (ρ-σ1D -U), we have devised a method of
adaptively changing the background during runtime.
Each model is initialized with zero background. As
the turbulence develops, the gas will reach some steady
state where the abundances of each species may vary
slightly over time. To compute the change in the species
abundances, we compute the average species abundance
over a number of time steps. This is done twice with
each average done after a large number of time steps.
The difference is then computed as
∆Xi
Xi
=
Xai −Xbi
Xai
, (12)
where Xi is the abundance of species i, Xai and X
b
i are
the averaged species abundances. We then check and see
if any ∆Xi/Xi is above a cutoff value. If so, we continue
with the same value for the background, if not then we
raise background to the next ionization parameter. To
ensure that a species with a negligible abundance does
not control this process, we employ a species cutoff in
which only those species with abundances greater than
the cutoff are used in the above equation. This saves on
computation cost since as soon as a new equilibrium is
reached, the simulation will raise the background without
having to start the simulation from scratch. We nomi-
nally use 0.03 for both the ∆Xi/Xi and species cutoffs.
4. RESULTS
4.1. Model Parameters
Our goal is to study the steady state ionization struc-
ture of a gas that is being stirred with 1D velocity dis-
persions between 12 and 58 km s−1 (corresponding to 3D
velocity dispersions between 20 and 100 km s−1), over a
wide range of densities. In particular, we are interested
in cases in which the heating from the turbulent stirring
is balanced by atomic cooling.
As in Paper 1, the parameter space spanned by our
simulations is greatly simplified by the dependencies of
turbulent decay and cooling on density and length scale.
In particular eqns. (4-8) are invariant under transforma-
tions in which x → λx, t → λt, ρ → ρ/λ. This means
that the species fractions and thermal state of the gas will
6only depend on U , σ1D, and the product of the mean den-
sity and the turbulent driving scale, nL. For the velocity
dispersions we are interested in, for which cooling bal-
ances heating, this column density ranges between 1016
and 1020 cm−2.
As mentioned in Paper 1, the ratio between the re-
combination time and the eddy turnover time, defined
as τeddy = Lbox/(2σ) can be very large. This means that
many, if not all, of the species of interest can experience
a range of conditions during a single recombination time,
which leads to abundance ratios that cannot be predicted
from simpler local equilibrium calculations.
A summary of the simulation runs is given in Table 1,
with the name of each run referring to its column density
and 1D velocity dispersion. For the detailed analysis
that follows, we have chosen three representative models
N2E17 S12, N4E18 S35, and N2E19 S58, which span a
range of density and velocity dispersion. We will refer to
these models as Low, Medium, and High, respectively.
In order to quantitatively discuss the changes due to the
background, we choose four values that span the range
of ionization parameters: no background (U=0), Low
(U=10−6), Medium (U=10−3), and High (U=10−1).
Figure 3 shows slices of temperature and C3+ for the
Low, Medium, and High runs. Each column gives the
results for a different ionization parameter, with a zero
background in the first column, to our highest ionization
parameter in the fourth column. In case of subsonic or
transonic turbulence, as shown in the Low run, the tem-
perature is largely uniform with only slight variations in
terms of temperature and FC3+ . At high ionization pa-
rameter these differences are even less apparent since the
turbulence has transitioned from transsonic to subsonic.
This trend is also seen in the slices of FC3+ . In the case
of Medium and High strong features are seen in both
temperature and FC3+ and are found at all ionization
parameters as the Mach number stays supersonic. How-
ever, as the background increases the difference between
the minimum temperature and the maximum tempera-
ture become more pronounced. FC3+ also keeps its fila-
mentary appearance at all ionization potentials. Finally,
as mentioned in Paper 1, the peaks in FC3+ and tem-
perature do not overlap but show substantial variations
from each other. This again shows that the gas is far
from local ionization equilibrium, and that only simula-
tions such as those described here can provide accurate
results.
4.2. Probability Density Functions
Figure 4 shows several probability density functions,
which quantify the fraction of the volume in the simula-
tion that is located at various temperatures and densities
for Low, Medium, and High at several ionizations param-
eters. As expected from Figure 3, the gas in Low starts
as a slightly supersonic turbulent gas with a relatively
small spread in term of temperature, number density,
and the logarithmic density. At low and intermediate
backgrounds, the spread in the PDFs remains largely
the same, with only a slight decrease in the width in
the temperature and logarithmic density PDFs. At large
ionization parameters, however, the steady state tem-
perature increases to nearly 105 K. This has caused the
turbulent motions to become subsonic. As a result, the
spread in the PDFs have become very small. Low also
shows a rough correlation between T and n, the total
number density, where T is roughly proportional to n−1,
as is expected in a constant pressure medium. In Medium
and High, however, the density and temperature span a
much larger range, over roughly five orders of magnitude
in density and up to four orders of magnitude in temper-
ature. The inclusion of a background does not radically
change the resulting PDFs with only slight variations in
the peak of the two dimensional PDFs. Furthermore,
these quantities remain largely uncorrelated with each
other.
Although simulations that include full rate equations,
photoionization, and cooling for a large number of atomic
species are new (e.g., Gray et al. 2015), several pre-
vious studies of isothermal, supersonic turbulence have
found that the gas approximates a lognormal distribution
(Vazquez-Semadeni 1994; Padoan et al. 1997; Klessen
2000; Ostriker et al. 2001; Li et al. 2003; Kritsuk et al.
2007; Federrath et al. 2008, 2010; Lemaster & Stone 2008;
Schmidt et al. 2009; Glover et al. 2010; Collins et al. 2011;
Padoan & Nordlund 2011; Price et al. 2011; Molina et al.
2012), defined as,
p(s) =
1√
2piσ2s
exp
[
− (s− s0)
2
2σ2s
]
, (13)
where s is the logarithmic density, s ≡ln(ρ/ρ¯) and the
mean logarithmic density, s0, is related to the standard
deviation as s0 = −σ2s/2. The lognormal distribution is
a result of a constant barrage of shocks, at a particu-
lar location within the gas, with Mach numbers that are
independent of the local density which cause density vari-
ations. For an isothermal gas, the resulting variance of
the lognormal distribution is given by
σ2s = ln
(
1 + b2M2
)
, (14)
where b is a constant that depends on the forcing that
drives the turbulence and M is the Mach number. Fed-
errath et al. (2008) showed that in the isothermal case,
b = 1 for purely compressive forcing and b = 1/3 for
purely solenoidal forcing.
We show the logarithmic density PDFs for Low,
Medium, and High for a range of ionization parameters
in Figure 4 as the bottom right panel of each set of fig-
ures. A similar trend is seen if logarithmic density PDFs
as in Paper 1. With zero background the width of the
PDF scales with the strength of the driving, with Low
having the smallest width and increasing with Medium
and High. This trend is also seen as the strength of the
background increases. In Table 1 we give several im-
portant statistical quantities in terms of the logarithmic
density for each run once it has reached steady state and
before any background is added. In particular, we cal-
culate the first four moments of the logarithmic density
distribution, the mean, variance, skewness, and kurtosis.
As mentioned in Paper 1, the mean and variance have
the usual definitions. The skewness, 〈(s − s0)3〉/σ3/2,
measures the symmetry of the distribution. The kurtosis,
〈(s− s0)4〉/σ2, gauges the peakedness of the distribution
and measures the importance of the distribution tails
verus the peak. A small value for the kurtosis represents
a narrower distribution while a large kurtosis denotes s
flatter distribution. A Gaussian distribution will have a
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Figure 3. Slices of Temperature (Top Three Rows) and FC3+ (Bottom Three Rows) for our representative runs for Low, Medium, and
High. Each column gives the slices for the given ionization parameter.
kurtosis equal to 3. In Table 1 we give the kurtosis excess
where we subtract off the factor of 3.
As discussed by Federrath et al. (2010), numerical reso-
lution plays an important role in defining the probability
density, especially in tails of the distribution. In Paper
1, we showed that we obtain similar values for s and σs
for models in our resolution but find scatter in values for
the skewness and kurtosis. It is likely that this scatter
would remain even as the resolution increases.
Figure 5 we show the variance, skewness, and kurto-
sis excess as a function of Mach number for each model
at the four ionization parameters. As mentioned above,
a simple relation was found between the Mach number
and the density variance for isothermal turbulence. As
shown in Paper 1, this relation matched the results of our
solenoidally-driven gamma-law gas as long as the stir-
ring parameter was allowed to vary. This difference is
attributed to the non-isothermality of the gas. Recently,
Federrath & Banerjee (2015) studied turbulent motions
using a polytropic equation of state (P=P0 (ρ/ρ0)
Γ
) over
a range of polytropic exponents Γ between 0.7 and 5/3.
Detailed simulations of molecular clouds found that Γ <1
in regions with a density range of 10 cm−3 . n & 104
cm−3 due to efficient radiative cooling, from both molec-
ular and fine structure cooling, (Glover & Mac Low
2007a,b). As a result, analytic functions for the den-
sity contrast for a set of polytropic exponents are given
8Table 1
Summary of models run.
Name ρ¯ Column σ1D TMW TVW MMW MVW s¯ σs sskew skurt
N1E17 S3 7e-28 1.0E+17 3.5 0.98 0.98 0.55 0.56 0.01 0.11 -0.58 1.25
N2E16 S12 2e-28 2.9E+16 11.5 9.52 9.49 0.47 0.48 0.00 0.08 -0.74 1.23
N1E17 S12 7e-28 1.0E+17 11.5 5.20 5.14 0.64 0.65 0.00 0.16 -0.88 2.06
N2E17 S12(Low) 2e-27 2.9E+17 11.5 1.30 1.19 1.23 1.28 -0.07 0.48 -0.38 0.33
N1E18 S12 7e-27 1.0E+18 11.5 0.88 0.77 1.60 1.67 -0.17 0.68 -0.39 0.45
N1E17 S20 1e-27 1.4E+17 20.2 12.37 12.19 0.73 0.74 0.00 0.19 -0.62 1.45
N7E17 S20 5e-27 7.1E+17 20.2 1.13 0.93 2.53 2.60 -0.39 0.99 -0.35 0.22
N1E18 S20 1e-26 1.4E+18 20.2 0.93 0.78 2.68 2.79 -0.50 1.19 -0.68 0.84
N7E18 S20 5e-26 7.1E+18 20.2 0.62 0.53 3.36 3.58 -0.53 1.15 -0.25 0.09
N1E18 S35 1e-26 1.4E+18 34.6 3.91 3.81 2.26 2.37 -0.42 1.04 -0.34 0.26
N4E18 S35(Med) 3e-26 4.3E+18 34.6 1.01 0.83 4.29 4.52 -0.84 1.45 -0.24 0.24
N1E19 S35 1e-25 1.4E+19 34.6 0.71 0.60 5.63 5.81 -1.02 1.59 -0.16 -0.25
N4E19 S35 3e-25 4.3E+19 34.6 0.55 0.48 6.74 6.97 -1.07 1.70 -0.46 0.51
N5E18 S46 4e-26 5.7E+18 46.2 1.47 1.87 4.87 5.20 -0.93 1.51 -0.26 0.25
N1E19 S46 1e-25 1.4E+19 46.2 0.88 0.91 7.40 7.57 -1.22 1.83 -0.42 -0.01
N5E19 S46 4e-25 5.7E+19 46.2 0.63 0.61 8.20 8.79 -1.46 2.01 -0.37 -0.08
N1E20 S46 1e-24 1.4E+20 46.2 0.51 0.51 9.09 9.86 -1.62 2.22 -0.53 0.16
N1E19 S58 7e-26 1.0E+19 57.7 1.73 2.84 5.71 5.66 -1.22 1.70 -0.03 -0.28
N2E19 S58(High) 2e-25 2.9E+19 57.7 0.87 1.05 8.76 8.85 -1.28 1.82 -0.24 -0.22
N1E20 S58 7e-25 1.0E+20 57.7 0.61 0.60 10.55 10.87 -1.45 1.99 -0.30 -0.08
N2E20 S58 2e-24 2.9E+20 57.7 0.50 0.51 11.70 12.00 -1.58 2.17 -0.51 0.15
Notes. ρ¯ is the mean density in units of gm cm−3. Column is the column density in units of cm−2. σ1D is
the 1-D velocity dispersion in units of km/s. TMW and TVW are the mass-weighted and volume-weighted
temperatures in units of 104 K. MMW and MVW are the mass-weighted and volume-weighted turbulent
Mach numbers. s¯ is the volumed averaged value of s ≡ ln ρ/ρ¯. σs, sskew and skurt are the rms, skewness
and kurtosis excess of the volume-weighted probably density function of s. Temperatures, Mach numbers,
and s statistics are all reported in the case without an ionizing background.
as,
ρ
ρ0
=
1
8
(
4b2M2 + b4M4 + b3M3
√
8 + b2M2
)
Γ = 1/2
(15)
ρ
ρ0
= b2M2 Γ = 1
(16)
ρ
ρ0
=
1
2
(
−1.0 +
√
1 + 8b2 +M2
)
Γ = 2,
(17)
where Γ is the polytropic index, b is the forcing constant,
and M is the Mach number. The density variance is then
given as σ2s=ln(1+ρ/ρ0). In the top panel of Figure 5 the
points represent the variance found in our models over
our range of ionization parameters. The solid black line
shows the expected isothermal σs−M relation for a stir-
ring parameter of b=1/3 given by eqn. (16), consistent
with solenoidal driving. The shaded black region shows
the range of σs bounded by polytropic indexes between
0.5 and 2.0, given by eqns. (15) and (17). The dashed
black line and the red shaded region give the expected
range in σs for a stirring parameter of 0.56, determined
by a least-square fit to eqn. (16). For supersonic flows,
eqn. (16) matches the data well but overestimated σs for
subsonic flows. In a range of moderate Mach numbers
(2< M <6) there is a slight systematic effect of increas-
ing the variance as the ionization parameter increases.
4.3. Effect of the UV Background
Figure 6 shows the chemical and hydrodynamical evo-
lution of the Low run as a function of the ionization pa-
rameter. Here the values for each quantity correspond
to the steady state value at each ionization parameter.
When U = 0, the gas is largely either neutral or singly
ionized, and the changes in the steady state values at
low and moderate value of the ionization parameter are
small. In fact, unlike in a purely photoionized medium,
the ionization state of all the ions are essentially un-
changed from U = 0 up to an ionization parameter of
U = 10−4. At higher ionization parameters, however,
the average temperature begins to rise and highly ion-
ized species begin to appear. In particular, moderately
ionized carbon, nitrogen, oxygen, neon, sulfur, and cal-
cium become the dominant ions.
Figure 7 shows the evolution of the Medium run. As in
the Low case, when U ≤ 10−4, the gas is mostly neutral
or singly ionized. In fact, the gas is slightly more neutral
than in the Low run, because the Medium run not only
has a higher velocity dispersion, but also a higher density,
increasing the cooling rate. For example, in the Medium
run, neutral neon is dominant up to U= 10−6 whereas,
in the Low run, singly ionized neon is dominant in the
range. Above U = 10−4, the increase in the temperature
is the Medium run is similar to that found in the Low
run, with a steady increase in temperature as a function
of ionization parameter, up to 105K. Thus the spread
in density does not show the decrease seen in the Low
run, and the gas remains strongly shocked with the Mach
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Figure 4. Set of 2D and 1D probability density functions for Low, Medium, and High over a range of ionization parameters. Each set
of panels shows the following. The top set of panels shows the two dimensional probability density function for Left Panel: Low , Middle
Panel: Medium and Right Panel: High. Temperature is given along the y-axis and number density is given along the x-axis. All contours
are labeled by their values relative to the PDF bin with the most mass. The bottom set of panels show the one dimensional where the
bottom left panel shows the logarithmic density PDF and the bottom right panel shows the temperature PDF. Low is shown by the (red)
solid line, Medium by the (blue) dashed line, and High by the (dotted) green line. The top left set of panels shows the results for no
background, the top right for a low ionization parameter, (U = 10−6), the bottom left panel shows a moderate ionization parameter,
(U = 10−3), and the bottom right shows the PDFs for a high ionization parameter (U = 10−1).
number remaining above 1.
Figure 8 shows the evolution for the High run, which
has both the highest velocity dispersion and the highest
density. This follows the same general trends seen in the
Low and Medium run. The gas starts mostly neutral
or singly ionized and begins to transition to higher ion-
ization states once the ionization parameter is ≥ 10−5.
Compared to the Low and Medium runs, there is even
less of a variation in the hydrodynamic variables, such
that the spread in density remains essentially constant
as a function of ionization parameter. Finally, the High
run shows a large spread in abundances for the chemi-
cal species, with higher ionization states being found at
all ionization parameters. Thus, for example, Si4+ and
Si5+ are found at low ionization parameters in the High
run although they are almost completely absent in the
Medium and Low runs.
4.4. Ionization States
The large spread in abundances for the chemical
species is due to the large spread in temperature and
density, most notably in the supersonic cases. In fact,
the instantaneous chemical makeup in a particular loca-
tion is a strong function of its thermodynamic history
as well as its current temperature, density, and chemical
makeup.
To quantify the error involved with assuming constant
temperature rather than using our full treatment of tur-
bulence, cooling, and chemical reactions we calculated
approximate abundances assuming the full medium was
in local ionization equilibrium at the mass weighted av-
erage temperature. Figures 9-12 show the comparison
of this estimates to the steady state abundances for the
Low, Medium, and High run, as well as an additional
run N1E16 S3, with σ1D= 3 km/s. This run, referred
to as Very Low below is chosen to represent a case in
which turbulence is highly-subsonic, such that density
and temperature fluctuations are 10-20%.
Figure 9 shows the comparison between the constant
temperature estimate and our exact results in the case
with no UV background. The name of each species is
given along the x-axis while the fractional abundance of
each species is given along the y-axis. The black stars
show the exact results while the red diamonds show the
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Figure 5. Statistical measures of the s=ln(ρ/ρ¯) PDF for each
models. The x-axis is the density weighted Mach number. Top:
The variance in s for each model. The solid (black) line shows the
expected σs −M relation for b = 1/3 isothermal turbulence while
the black shaded region give the expected values for polytropic
turbulence with γ=0.5 to 2. The dashed (black) line and red shaded
region shows the same relation for b = 0.56. The stars represent
values from each of our models. The red stars correspond to U=0,
the green to U = 10−6, blue to U = 10−3, and magenta stars to
U = 10−1.
results from the single temperature estimate.
In the case of the Very Low run, which has a Mach
number 0.51, the single temperature estimates from
Cloudy provide a reasonable match to our final results
for several ions however, there are several ions which the
match is poor, H and H+ for example. To show that the
difference between our final results and Cloudy are due
to altering rates for reactions 1,2 and 3, we have rerun
our collisional ionization equilibrium test with the Glover
& Abel (2008) and Glover & Savin (2009) rates rather
than the Badnell (2006b) and Badnell (2006a) rates used
in Cloudy. These values are shown as the blue diamonds
in Figure 9. We find that these values match very well
with the Very Low results for nearly all our ions, although
turbulent heating has a noticeable effect on a handful of
species, such as C+ and Ca2+, even in the M = 0.51
case.
On the other hand, the Low case with zero background
and a mass weighed Mach number of 1.23 produces a
much larger spread in density and temperature, which
leads to a large difference in fractional species abun-
dances. In particular, the simulations find both H and
H+ in nearly equal amount whereas a single temperature
approximation without turbulence would predict almost
pure neutral hydrogen. Other singly ionized species,
show similar large differences between the true values
and the simple estimates.
For the Medium (M = 4.3, T ≈104K) and High
(M = 8.7, T ≈104 K) runs, the differences between the
exact and approximate case is even more pronounced.
For example, for the High case, the mean temperature
approximation produces estimates for neutral carbon, ni-
trogen, oxygen, neon, sulfur, and calcium that are much
larger than the true values while producing nearly zero
ionized ions. The steady state values for this figure, as
well as those for Figures 10-12 are given in Table. 2.
Figure 10 shows the same comparions for a low,
U=10−6 ionization parameter. For the Low run, the
mean temperature approximation starts to match bet-
ter than with no UV background although there remains
a sizable difference between these values and the true val-
ues. Only a handful of species, specifically N3+ and Ne,
are off by a factor of ≈10. For Medium and High, the dif-
ference is more pronounced. As mentioned in Gray et al.
(2015) this is due to the fact that the ionization timescale
is much longer than the recombination timescale, which
means that even though a parcel of gas is shocked to high
temperatures, the ions do not have enough time to fully
ionize.
Figure 11 shows the ion comparisons for a moderate,
U=10−3, ionization parameter. For the Low run, the
mean temperature approximation matches the real val-
ues for most ions. However, there is a factor of a few
difference for many neutral ions. For example, hydrogen,
helium, nitrogen, and oxygen have true values that are
significantly higher than predicted. The simple approxi-
mation also does a poor job matching higher ionization
states such as Si3+and C4+. The Medium and High runs
also follow the same trend seen in the lower ionization
parameter.
Finally, Figure 12 shows the comparison for a large,
U=10−1, ionization parameter. The approximations for
Low predict much higher neutral and lower ionized ion
fractions than seen in our simulations. For example, N,
N+, O, O+, Ne, and Ne+. However, more abundant
ions, e.g., O5+and Ne5+, are well matched by these ap-
proximations. The Medium and High run again follow
the similar trends as seen at lower ionization parameters,
with large differences being found between the approxi-
mate and exact cases for many ions.
5. PARAMETER DEPENDENCIES
Above, we have explored the detailed evolution of three
representative cases over a range of ionization parame-
ters. Here we turn our attention to the full suite of mod-
els and ionization parameters. Table 1 gives a summary
of the models run, and the key hydrodynamical quanti-
ties (evaluated when U = 0), which span a large range
in column density, temperature, and Mach numbers. In
most cases, heating from stirring and from photoioniza-
tion is quickly balanced by cooling, as seen in Figures 6-
8. However, if the stirring is sufficiently strong or if the
photoionization heating becomes strong enough that the
average temperature of the medium exceeds ≈ 105 K, the
model will undergo thermal runaway. This is explained
by the fact that most elements have peaks in their cooling
functions at ≈105 K (e.g., Gnat & Ferland 2012; Oppen-
heimer & Schaye 2013). Therefore, once the heating has
crossed this barrier, cooling can no longer balance the
heating and no meaningful steady state can be achieved.
A summary of our results is given in Appendix B,
which shows the final abundances for all models that
were able to reach a steady state. Each table shows the
results for a different ionization parameter. For example,
Table B.2 shows the results for an ionization parameter
of U=10−6 while Table B.4 shows the results for U=10−1.
These abundances reveal many interesting trends affect-
ing commonly observed species. For example, He+ is
found in substantial quantities even when the average
temperature ≈104K, and in many cases the H+ fraction
is greater than 50%. At moderate to high ionization pa-
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Figure 6. Hydrodynamical and Chemical evolution of N2E17 S12 (Low). Top Left: The dash-dotted (blue) line shows the maximum
temperature, the dotted (red) line shows the minimum temperature, the solid (black) line shows the density weighted average temperature,
and the (dotted) black line shows the volume weighted average temperature. Top Left Middle: The solid (red) line shows the minimum
density while the dashed (blue) line shows the maximum density. Top Right Middle: The solid (red) line shows Mach number while the
dashed (blue) line shows the 1D velocity dispersion. Top Right - Bottom Middle Right: The fractional abundance for each of the species
given by the label. In each panel, each line has the same legend as Fig. 1. Bottom Right : The (solid) red line shows the neutral hydrogen
optical depth, the (dashed) blue line shows the neutral helium optical depth, and the (dotted) green shows the singly ionized helium optical
depth. The x-axis in each panel is given in terms of the ionization parameter. Therefore each line shows the final steady state value at
each ionization parameter. An ionization parameter less than U=10−7 corresponds to a zero background.
rameters, this trend is even more pronounced.
Under uniform collisional ionization equilibrium con-
ditions, certain species should not be found at temper-
atures below 105 K, see Figure 1, C3+, and O3+, for
example. However, In certain low column density, high
σ1D, conditions these species can be found with substan-
tial abundances (as seen for σ1D=20 km s
−1 MMW=1.5
and σ1D=35 km s
−1 MMW=1.9).
The effect of the ionizing background can also be quite
severe, although it is harder to quantify. As shown in
Figure 1, for even a small background, the abundances
can be substantially different. However one general trend
is that for moderate to high ionization potentials, our
turbulent models produce much more neutral ions than
would be expected in a simple single temperature ap-
proximation. For example, with an ionization parame-
ter of only 10−6, the simple approximation predicts that
hydrogen should be roughly 60% neutral at 104 K. How-
ever, the true abundances for H and H+depend greatly on
the turbulence. Both models N2E17 S12 and N1E18 S12
have mean temperatures of ≈104K and similar Mach
numbers (1.23 and 1.6 respectively) but have very dif-
ferent abundances for hydrogen, where nearly all the hy-
drogen is neutral in N1E18 S12. This is likely due to
more efficient collisional recombination from the denser
environment.
In addition to Appendix B we make available online3
the data files from each run. Each file presents a variety
of information, including the true abundances and the
simple abundance estimates presented in Section 4.4. We
also give Doppler parameters for each species, i, defined
as,
b2 = σ2i,1D + 2kbTMW/AimH, (18)
where σi,1D is the 1D velocity dispersion, kB is the Boltz-
mann constant, and Ai is the ion atomic mass. While the
masses of hydrogen and helium are small enough that the
temperature term makes a substantial contribution, the
Doppler parameters of the heavier elements are very close
to σi,1D in general, providing a good measurement of the
local velocity dispersion.
6. CONCLUSIONS
Turbulence permeates the universe, often moving at
supersonic speeds due to the high efficiency of radiative
cooling. These random motions provide overall support
against gravity, but also concentrate a portion of the
material to very high densities, giving rise to a multi-
phase distribution with unique thermodynamic proper-
ties. This can have a dramatic effect on the chemical
3 http://zofia.sese.asu.edu/˜evan/turbspecies/
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Figure 7. Hydrodynamical and Chemical evolution of N4E18 S35 (Med). Panels and axes are the same as Fig. 6.
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Figure 8. Hydrodynamical and Chemical evolution of N2E19 S58 (High). Panels and axes are the same as Fig. 6.
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Figure 10. Steady state fractional species abundances for Very Low, Low, Medium, and High with an ionization parameter of U=10−6.
Symbols are the same as Figure 9.
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Figure 11. Steady state fractional species abundances for Very Low, Low, Medium, and High with an ionization parameter of U=10−3.
Symbols are the same as Figure 9.
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Figure 12. Steady state fractional species abundances for Very Low, Low, Medium, and High with an ionization parameter of U=10−1.
Symbols are the same as Figure 9.
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makeup of the medium. Specifically, if the recombina-
tion time for a given species is long compared to the
eddy turnover time, it cannot reach an equilibrium state
before it is further acted upon by the turbulence. This
creates a situation in which the final ionization state is
not only a function of the temperature and density, but
also a function of the rate at which parcels of gas move
through these conditions.
To study how these abundances are altered by tur-
bulence, we have expanded the nonequilibrium atomic
chemistry package from Gray et al. (2015) to include sev-
eral new elements and ions and their associated cooling
functions within FLASH. This package tracks the evolu-
tion of twelve elements and 65 separate species. In addi-
tion, we have used the method of Gnat & Ferland (2012)
to derive ion-by-ion cooling curves for each of the ions
under consideration that allow us to follow the thermo-
dynamic evolution of the gas. We have also implemented
a variable photoionizing background based on the spec-
tra from Haardt & Madau (2012). The result is a very
fast and efficient package, which we are able to run for
many eddy turnover times for many cases.
Using this updated package, we have performed a suite
of direct numerical simulations of solenoidally-driven tur-
bulence over a range from 1D velocity dispersion of σ1D=
3.5-58 km s−1 and the product of the mean density and
turbulent length scale from 1016 to 1020 cm−2 for so-
lar metallicity gas, concentrating on three representative
models and four representative backgrounds.
As found in isothermal models of driven turbulence,
the gas approximates a lognormal distribution, whose
logarithmic density variance in the supersonic case is
well approximated by σ2=ln(1 + b2M2). On the other
hand, this expression overestimates the variance at sub-
sonic Mach numbers, and the b ≈0.50 value that best fits
our data is significantly different from the b = 1/3 value
measured in solenoidally-driven, isothermal turbulence.
However, all our data is well described over the range of
astronomically valid polytropic exponents.
We compare the final steady state abundances in our
simulations to those obtained assuming the gas is in colli-
sional ionization equilibrium, using both the mean tem-
perature and the full temperature PDF. We find that
at low Mach numbers and in the absence of an ioniz-
ing background, the estimates agree with within a factor
of ≈2 for most species, save for He2+ and C2+, which
show large deviations due to their long recombination
times. At intermediate Mach numbers, several species
such as He+, N2+, Ne2+, and Si2+, begin to differ by
order of magnitude from the simple estimates. At high
Mach numbers the abundances can vary by many orders
of magnitude from simple estimates. The additional ef-
fect of the photoionizing background further effects these
estimates. With a low background, the estimates be-
gin to match the true value well for low Mach number
models, but many of the same discrepancies are seen at
moderate to high Mach numbers. At moderate to high
ionization parameters, many of the estimates are within a
factor of ten for the most abundant species. However, in
high Mach number flows, they fail to reproduce the high
abundances of some neutral ions, e.g.,neutral hydrogen,
carbon, and oxygen.
These results underscore the fact that transsonic and
supersonic turbulence can drastically alter the abun-
dances, and that only nonequilibrium calculations can
predict these changes accurately. Thus we make all of
the derived properties from our models available online.
In particular, we present the logarithmic density statis-
tics and other hydrodynamic quantities, such as Mach
number and average temperature. We also give the final
abundances for each species, the abundance values from
the two simple estimates, and species by species Doppler
parameters.
In future work we plan on running additional models
that vary both the metallicity of the gas as well as the
shape of the UV background. This will result in a large
set of tables, useful for a variety of theoretical and ob-
servational applications.
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Table 2
Low Low Low Low Medium Medium Medium Medium High High High High
FTurb,Z FTurb,L FTurb,M FTurb,H FTurb,Z FTurb,L FTurb,M FTurb,H FTurb,Z FTurb,L FTurb,M FTurb,H
H -0.78 -0.69 -2.34 -4.51 -0.56 -0.56 -1.81 -4.37 -0.48 -0.49 -1.61 -3.62
H+ -0.08 -0.10 -0.00 -0.00 -0.14 -0.14 -0.01 -0.00 -0.17 -0.17 -0.01 -0.00
He -0.93 -0.80 -2.27 -6.50 -0.03 -0.03 -1.65 -5.79 -0.04 -0.05 -1.25 -4.34
He+ -0.19 -0.17 -0.21 -2.23 -1.12 -1.20 -0.17 -2.05 -1.07 -0.96 -0.16 -1.45
He2+ -0.62 -0.76 -0.43 -0.00 -3.91 -4.25 -0.53 -0.00 -2.61 -2.48 -0.59 -0.02
C -0.80 -0.77 -3.20 -8.24 -0.42 -0.49 -2.74 -6.66 -0.21 -0.31 -2.49 -5.66
C+ -0.08 -0.08 -0.67 -4.34 -0.21 -0.17 -0.45 -3.32 -0.44 -0.30 -0.34 -2.38
C2+ -2.30 -2.38 -0.13 -2.30 -2.31 -2.36 -0.22 -1.72 -1.91 -1.81 -0.30 -0.96
C3+ -13.32 -7.78 -1.41 -1.63 -4.40 -5.21 -1.49 -1.40 -3.30 -3.24 -1.50 -0.92
C4+ -21.93 -13.47 -2.77 -0.30 -5.85 -7.38 -2.39 -0.31 -3.97 -3.78 -2.07 -0.32
C5+ -21.62 -18.70 -5.02 -0.33 -13.22 -12.07 -4.37 -0.35 -9.78 -7.96 -3.82 -0.53
N -0.67 -0.61 -3.19 -8.71 -0.38 -0.39 -2.23 -6.87 -0.26 -0.28 -1.77 -5.74
N+ -0.10 -0.12 -0.73 -4.85 -0.23 -0.23 -0.37 -3.58 -0.35 -0.33 -0.28 -2.70
N2+ -7.02 -3.78 -0.13 -2.50 -3.47 -3.66 -0.30 -1.76 -2.49 -2.43 -0.40 -1.07
N3+ -10.55 -8.90 -1.15 -1.28 -4.42 -5.37 -1.23 -0.99 -3.26 -3.21 -1.25 -0.68
N4+ -10.42 -11.38 -2.81 -0.98 -6.02 -7.52 -2.60 -0.93 -4.45 -4.22 -2.29 -0.77
N5+ -8.81 -9.69 -4.29 -0.21 -7.92 -9.25 -3.63 -0.27 -4.96 -4.56 -2.91 -0.42
N6+ -23.38 -15.12 -6.95 -0.66 -16.75 -14.44 -5.92 -0.65 -12.29 -9.39 -4.90 -0.83
O -0.74 -0.65 -2.99 -9.53 -0.52 -0.52 -1.90 -7.42 -0.44 -0.45 -1.62 -5.54
O+ -0.09 -0.11 -0.65 -5.55 -0.16 -0.16 -0.33 -3.99 -0.20 -0.19 -0.25 -2.82
O2+ -8.04 -4.02 -0.18 -2.95 -3.47 -3.78 -0.37 -2.04 -2.48 -2.43 -0.50 -1.32
O3+ -16.82 -9.07 -0.93 -1.35 -4.48 -5.54 -1.05 -0.97 -3.30 -3.23 -1.10 -0.66
O4+ -19.68 -13.75 -2.28 -0.65 -6.10 -7.65 -2.21 -0.61 -4.46 -4.20 -2.04 -0.62
O5+ -19.07 -18.25 -4.02 -0.63 -8.33 -10.21 -3.77 -0.72 -5.72 -5.17 -3.13 -0.74
O6+ -20.07 -21.40 -5.97 -0.37 -10.63 -13.16 -5.12 -0.44 -6.69 -5.74 -3.97 -0.62
O7+ -26.53 -26.54 -8.95 -1.17 -20.86 -18.52 -7.64 -1.08 -15.09 -10.82 -6.13 -1.17
Ne -1.30 -1.16 -4.27 -11.94 -0.14 -0.13 -2.84 -8.81 -0.09 -0.12 -2.10 -6.55
Ne+ -0.19 -0.15 -1.42 -7.34 -0.55 -0.58 -0.87 -5.14 -0.73 -0.63 -0.61 -3.47
Ne2+ -0.53 -0.64 -0.09 -4.11 -3.03 -2.83 -0.14 -2.79 -2.13 -1.98 -0.20 -1.56
Ne3+ -15.15 -5.73 -0.83 -2.13 -4.90 -6.21 -0.92 -1.49 -3.54 -3.45 -1.03 -0.92
Ne4+ -25.92 -11.25 -2.13 -0.83 -6.54 -8.43 -1.83 -0.64 -4.62 -4.30 -1.74 -0.50
Ne5+ -25.43 -15.87 -3.75 -0.31 -8.76 -11.08 -3.11 -0.36 -5.88 -5.26 -2.72 -0.49
Ne6+ -25.85 -21.31 -6.14 -0.56 -11.76 -15.13 -4.99 -0.68 -7.76 -6.68 -4.07 -0.92
Ne7+ -25.80 -25.77 -8.70 -1.17 -15.40 -19.49 -7.09 -1.24 -10.06 -8.03 -5.56 -1.32
Ne8+ -25.67 -25.69 -11.41 -1.71 -18.23 -23.14 -9.02 -1.53 -11.79 -9.05 -7.07 -1.44
Ne9+ -25.85 -25.85 -14.91 -3.07 -25.89 -25.88 -11.87 -2.55 -21.83 -14.45 -9.49 -2.11
Na -3.86 -3.68 -6.26 -9.58 -2.12 -2.07 -3.79 -8.74 -1.22 -1.21 -2.71 -6.98
Na+ -0.26 -0.20 -1.39 -3.57 -0.00 -0.01 -0.89 -3.11 -0.03 -0.04 -0.62 -2.70
Na2+ -0.35 -0.43 -0.02 -0.00 -2.81 -2.21 -0.06 -0.00 -1.97 -1.74 -0.12 -0.00
Mg -1.91 -1.79 -3.48 -9.39 -1.55 -1.55 -2.56 -7.60 -1.54 -1.55 -2.18 -5.13
Mg+ -0.54 -0.45 -1.48 -6.09 -0.13 -0.12 -0.82 -5.10 -0.09 -0.09 -0.45 -3.07
Mg2+ -0.15 -0.20 -0.09 -2.66 -0.64 -0.68 -0.15 -2.29 -0.81 -0.81 -0.29 -1.47
Mg3+ -18.90 -5.39 -0.83 -0.00 -5.18 -5.65 -0.84 -0.00 -3.75 -3.58 -0.91 -0.02
Si -2.18 -2.22 -4.70 -9.59 -1.26 -1.50 -4.06 -8.01 -0.74 -1.17 -3.62 -6.74
Si+ -0.07 -0.05 -1.04 -4.62 -0.05 -0.04 -0.51 -3.53 -0.12 -0.06 -0.32 -2.25
Si2+ -0.85 -0.99 -0.06 -2.95 -1.20 -1.25 -0.20 -2.04 -1.25 -1.23 -0.33 -0.98
Si3+ -4.18 -4.44 -1.42 -2.77 -3.68 -4.06 -1.34 -2.15 -2.75 -2.71 -1.44 -1.23
Si4+ -13.47 -10.94 -3.35 -1.49 -4.71 -5.81 -2.07 -1.32 -3.32 -3.24 -1.96 -1.07
Si5+ -11.45 -12.39 -4.13 -0.02 -8.19 -9.27 -2.61 -0.03 -5.69 -5.06 -2.38 -0.13
S -1.77 -1.72 -4.80 -8.36 -0.86 -1.04 -4.04 -7.26 -0.40 -0.69 -3.48 -7.04
S+ -0.11 -0.08 -1.00 -3.52 -0.08 -0.06 -0.75 -2.92 -0.25 -0.13 -0.57 -2.79
S2+ -0.69 -0.82 -0.11 -1.39 -1.46 -1.53 -0.14 -1.08 -1.41 -1.34 -0.19 -1.10
S3+ -8.69 -5.96 -0.95 -0.53 -3.72 -4.13 -1.06 -0.49 -2.73 -2.70 -1.12 -0.63
S4+ -16.21 -11.71 -2.33 -0.18 -4.40 -5.21 -2.14 -0.23 -3.37 -3.30 -1.88 -0.17
Ca -2.60 -2.43 -5.52 -12.50 -1.35 -1.48 -3.99 -9.95 -0.71 -1.02 -3.39 -7.71
Ca+ -0.90 -0.78 -2.46 -7.62 -0.39 -0.37 -1.42 -5.06 -0.31 -0.23 -0.93 -4.34
Ca2+ -0.06 -0.08 -0.26 -3.95 -0.26 -0.27 -0.18 -2.08 -0.50 -0.50 -0.20 -2.01
Ca3+ -10.80 -4.26 -0.39 -1.74 -3.84 -4.11 -0.58 -1.03 -2.83 -2.76 -0.67 -0.99
Ca4+ -19.91 -9.53 -1.40 -0.01 -5.02 -6.13 -1.46 -0.05 -3.81 -3.68 -1.36 -0.05
Fe -3.76 -3.74 -5.71 -13.43 -3.86 -3.87 -4.82 -11.30 -3.94 -3.94 -4.66 -8.50
Fe+ -0.26 -0.19 -2.44 -8.98 -0.10 -0.09 -1.07 -7.14 -0.07 -0.07 -0.68 -4.86
Fe2+ -0.35 -0.44 -0.50 -5.67 -0.68 -0.71 -0.35 -4.20 -0.82 -0.81 -0.37 -2.91
Fe3+ -8.24 -4.68 -0.27 -2.49 -3.47 -3.99 -0.49 -1.94 -2.45 -2.43 -0.63 -1.48
Fe4+ -17.58 -9.58 -0.85 -0.00 -4.41 -5.39 -0.84 -0.01 -3.19 -3.12 -0.88 -0.02
Notes: The top row gives the name of the representative model. Low corresponds to N2E17 S12, Med to N4E18 S35, and High to
N2E19 S58 respectively. The subscript in the second row coincides with the ionization parameter, where FTurb,Z is no background,
FTurb,L corresponds to a U=1.0×10−6, FTurb,M corresponds to a U=1.0×10−3, and FTurb,H corresponds to a U=1.0×10−1 respectively.
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APPENDIX
LIST OF ATOMIC REACTIONS
Number Reaction Source Number Reaction Source Number Reaction Source
R001 H+ + e− →H 12 R002 He+ + e− →He 12/23 R003 He2+ + e− →He+ 12
R004 C+ + e− →C 5 R005 C2+ + e− →C+ 4 R006 C3+ + e− →C2+ 3
R007 C4+ + e− →C3+ 2 R008 C5+ + e− →C4+ 1 R009 N+ + e− →N 6
R010 N2+ + e− →N+ 5 R011 N3+ + e− →N2+ 4 R012 N4+ + e− →N3+ 3
R013 N5+ + e− →N4+ 2 R014 N6+ + e− →N5+ 1 R015 O+ + e− →O 7
R016 O2+ + e− →O+ 6 R017 O3+ + e− →O2+ 5 R018 O4+ + e− →O3+ 4
R019 O5+ + e− →O4+ 3 R020 O6+ + e− →O5+ 2 R021 O7+ + e− →O6+ 1
R022 Ne+ + e− →Ne 19 R023 Ne2+ + e− →Ne+ 20 R024 Ne3+ + e− →Ne2+ 7
R025 Ne4+ + e− →Ne3+ 6 R026 Ne5+ + e− →Ne4+ 5 R027 Ne6+ + e− →Ne5+ 4
R028 Ne7+ + e− →Ne6+ 3 R029 Ne8+ + e− →Ne7+ 2 R030 Ne9+ + e− →Ne8+ 1
R031 Na+ + e− →Na 8 R032 Na2+ + e− →Na+ 19 R033 Mg+ + e− →Mg 9
R034 Mg2+ + e− →Mg+ 8 R035 Mg3+ + e− →Mg2+ 19 R036 Si+ + e− →Si 21
R037 Si2+ + e− →Si+ 2 R038 Si3+ + e− →Si2+ 9 R039 Si4+ + e− →Si3+ 8
R040 Si5+ + e− →Si4+ 19 R041 S+ + e− →S 13,14 R042 S2+ + e− →S+ 13,14
R043 S3+ + e− →S2+ 13,14 R044 S4+ + e− →S3+ 13,14 R045 Ca+ + e− →Ca 13,14
R046 Ca2+ + e− →Ca+ 13,14 R047 Ca3+ + e− →Ca2+ 13,14 R048 Ca4+ + e− →Ca3+ 13,14
R049 Fe+ + e− →Fe 13,14 R050 Fe2+ + e− →Fe+ 13,14 R051 Fe3+ + e− →Fe2+ 13,14
R052 Fe4+ + e− →Fe3+ 13,14 R053 H + e− →H+ + e− + e− 11,23 R054 He + e− →He+ + e− + e− 11
R055 He+ + e− →He2+ + e− + e− 11 R056 C + e− →C+ + e− + e− 11 R057 C+ + e− →C2+ + e− + e− 11
R058 C2+ + e− →C3+ + e− + e− 11 R059 C3+ + e− →C4+ + e− + e− 11 R060 C4+ + e− →C5+ + e− + e− 11
R061 N + e− →N+ + e− + e− 11 R062 N+ + e− →N2+ + e− + e− 11 R063 N2+ + e− →N3+ + e− + e− 11
R064 N3+ + e− →N4+ + e− + e− 11 R065 N4+ + e− →N5+ + e− + e− 11 R066 N5+ + e− →N6+ + e− + e− 11
R067 O + e− →O+ + e− + e− 11 R068 O+ + e− →O2+ + e− + e− 11 R069 O2+ + e− →O3+ + e− + e− 11
R070 O3+ + e− →O4+ + e− + e− 11 R071 O4+ + e− →O5+ + e− + e− 11 R072 O5+ + e− →O6+ + e− + e− 11
R073 O6+ + e− →O7+ + e− + e− 11 R074 Ne + e− →Ne+ + e− + e− 11 R075 Ne+ + e− →Ne2+ + e− + e− 11
R076 Ne2+ + e− →Ne3+ + e− + e− 11 R077 Ne3+ + e− →Ne4+ + e− + e− 11 R078 Ne4+ + e− →Ne5+ + e− + e− 11
R079 Ne5+ + e− →Ne6+ + e− + e− 11 R080 Ne6+ + e− →Ne7+ + e− + e− 11 R081 Ne7+ + e− →Ne8+ + e− + e− 11
R082 Ne8+ + e− →Ne9+ + e− + e− 11 R083 Na + e− →Na+ + e− + e− 11 R084 Na+ + e− →Na2+ + e− + e− 11
R085 Mg + e− →Mg+ + e− + e− 11 R086 Mg+ + e− →Mg2+ + e− + e− 11 R087 Mg2+ + e− →Mg3+ + e− + e− 11
R088 Si + e− →Si+ + e− + e− 11 R089 Si+ + e− →Si2+ + e− + e− 11 R090 Si2+ + e− →Si3+ + e− + e− 11
R091 Si3+ + e− →Si4+ + e− + e− 11 R092 Si4+ + e− →Si5+ + e− + e− 11 R093 S + e− →S+ + e− + e− 11
R094 S+ + e− →S2+ + e− + e− 11 R095 S2+ + e− →S3+ + e− + e− 11 R096 S3+ + e− →S4+ + e− + e− 11
R097 Ca + e− →Ca+ + e− + e− 11 R098 Ca+ + e− →Ca2+ + e− + e− 11 R099 Ca2+ + e− →Ca3+ + e− + e− 11
R100 Ca3+ + e− →Ca4+ + e− + e− 11 R101 Fe + e− →Fe+ + e− + e− 11 R102 Fe+ + e− →Fe2+ + e− + e− 11
R103 Fe2+ + e− →Fe3+ + e− + e− 11 R104 Fe3+ + e− →Fe4+ + e− + e− 11 R105 He+ + H →He + H+ 12
R106 He + H+ →He+ + H 12 R107 H + γ →H+ + e− 15 R108 He + γ →He+ + e− 15
R109 He+ + γ →He2+ + e− 15 R110 C + γ →C+ + e− 15 R111 C+ + γ →C2+ + e− 15
R112 C2+ + γ →C3+ + e− 15 R113 C3+ + γ →C4+ + e− 15 R114 C4+ + γ →C5+ + e− 15
R115 N + γ →N+ + e− 15 R116 N+ + γ →N2+ + e− 15 R117 N2+ + γ →N3+ + e− 15
R118 N3+ + γ →N4+ + e− 15 R119 N4+ + γ →N5+ + e− 15 R120 N5+ + γ →N6+ + e− 15
R121 O + γ →O+ + e− 15 R122 O+ + γ →O2+ + e− 15 R123 O2+ + γ →O3+ + e− 15
R124 O3+ + γ →O4+ + e− 15 R125 O4+ + γ →O5+ + e− 15 R126 O5+ + γ →O6+ + e− 15
R127 O6+ + γ →O7+ + e− 15 R128 Ne + γ →Ne+ + e− 15 R129 Ne+ + γ →Ne2+ + e− 15
R130 Ne2+ + γ →Ne3+ + e− 15 R131 Ne3+ + γ →Ne4+ + e− 15 R132 Ne4+ + γ →Ne5+ + e− 15
R133 Ne5+ + γ →Ne6+ + e− 15 R134 Ne6+ + γ →Ne7+ + e− 15 R135 Ne7+ + γ →Ne8+ + e− 15
R136 Ne8+ + γ →Ne9+ + e− 15 R137 Na + γ →Na+ + e− 15 R138 Na+ + γ →Na2+ + e− 15
R139 Mg + γ →Mg+ + e− 15 R140 Mg+ + γ →Mg2+ + e− 15 R141 Mg2+ + γ →Mg3+ + e− 15
R142 Si + γ →Si+ + e− 15 R143 Si+ + γ →Si2+ + e− 15 R144 Si2+ + γ →Si3+ + e− 15
R145 Si3+ + γ →Si4+ + e− 15 R146 Si4+ + γ →Si5+ + e− 15 R147 S + γ →S+ + e− 15
R148 S+ + γ →S2+ + e− 15 R149 S2+ + γ →S3+ + e− 15 R150 S3+ + γ →S4+ + e− 15
R151 Ca + γ →Ca+ + e− 15 R152 Ca+ + γ →Ca2+ + e− 15 R153 Ca2+ + γ →Ca3+ + e− 15
R154 Ca3+ + γ →Ca4+ + e− 15 R155 Fe + γ →Fe+ + e− 15 R156 Fe+ + γ →Fe2+ + e− 15
R157 Fe2+ + γ →Fe3+ + e− 15 R158 Fe3+ + γ →Fe4+ + e− 15 R159 He2+ + H →He+ + H+ 17
R160 C+ + H →C + H+ 17 R161 C2+ + H →C+ + H+ 17 R162 C3+ + H →C2+ + H+ 17
R163 C4+ + H →C3+ + H+ 17 R164 N+ + H →N + H+ 17 R165 N2+ + H →N+ + H+ 17
R166 N3+ + H →N2+ + H+ 17 R167 N4+ + H →N3+ + H+ 17 R168 O+ + H →O + H+ 17
R169 O2+ + H →O+ + H+ 17 R170 O3+ + H →O2+ + H+ 17 R171 O4+ + H →O3+ + H+ 17
R172 Ne2+ + H →Ne+ + H+ 17 R173 Ne3+ + H →Ne2+ + H+ 17 R174 Ne4+ + H →Ne3+ + H+ 17
R175 Na2+ + H →Na+ + H+ 17 R176 Mg2+ + H →Mg+ + H+ 17 R177 Mg3+ + H →Mg2+ + H+ 17
R178 Si2+ + H →Si+ + H+ 17 R179 Si3+ + H →Si2+ + H+ 17 R180 Si4+ + H →Si3+ + H+ 17
R181 S+ + H →S + H+ 17 R182 S2+ + H →S+ + H+ 17 R183 S3+ + H →S2+ + H+ 17
R184 S4+ + H →S3+ + H+ 17 R185 Ca3+ + H →Ca2+ + H+ 17 R186 Ca4+ + H →Ca3+ + H+ 17
R187 Fe2+ + H →Fe+ + H+ 17 R188 Fe3+ + H →Fe2+ + H+ 17 R189 Fe4+ + H →Fe3+ + H+ 17
R190 C + H+ →C+ + H 17 R191 N + H+ →N+ + H 17 R192 O + H+ →O+ + H 17
R193 Na + H+ →Na+ + H 17 R194 Mg + H+ →Mg+ + H 17 R195 Mg+ + H+ →Mg2+ + H 17
R196 Si + H+ →Si+ + H 17 R197 Si+ + H+ →Si2+ + H 17 R198 S + H+ →S+ + H 17
R199 Fe + H+ →Fe+ + H 17 R200 Fe+ + H+ →Fe2+ + H 17 R201 C3+ + He →C2+ + He+ 17
R202 C4+ + He →C3+ + He+ 17 R203 N2+ + He →N+ + He+ 17 R204 N3+ + He →N2+ + He+ 17
R205 N4+ + He →N3+ + He+ 17 R206 O2+ + He →O+ + He+ 17 R207 O3+ + He →O2+ + He+ 17
R208 O4+ + He →O3+ + He+ 17 R209 Ne2+ + He →Ne+ + He+ 17 R210 Ne3+ + He →Ne2+ + He+ 17
R211 Ne4+ + He →Ne3+ + He+ 17 R212 Na2+ + He →Na+ + He+ 17 R213 Mg3+ + He →Mg2+ + He+ 17
R214 S3+ + He →S2+ + He+ 17 R215 S4+ + He →S3+ + He+ 17 R216 Ca3+ + He →Ca2+ + He+ 17
R217 Ca4+ + He →Ca3+ + He+ 17 R218 Si3+ + He →Si2+ + He+ 17 R219 Si4+ + He →Si3+ + He+ 17
R220 Fe3+ + He →Fe2+ + He+ 17 R221 Fe4+ + He →Fe3+ + He+ 17 R222 Si + He+ →Si+ + He 17
R223 Fe + C+ →C + Fe+ 18 R224 Mg + C+ →C + Mg+ 18 R225 Na + C+ →C + Na+ 18
R226 S + C+ →C + S+ 18 R227 Si + C+ →C + Si+ 18 R228 Na + Fe+ →Fe + Na+ 18
R229 Na + Mg+ →Mg + Na+ 18 R230 Fe + N+ →Fe+ + N 18 R231 Mg + N+ →Mg+ + N 18
R232 Fe + O+ →O + Fe+ 18 R233 Fe + S+ →S + Fe+ 18 R234 Mg + S+ →S + Mg+ 18
R235 Na + S+ →S + Na+ 18 R236 Si + S+ →S + Si+ 18 R237 Fe + Si+ →Si + Fe+ 18
R238 Mg + Si+ →Si + Mg+ 18 R239 Na + Si+ →Si + Na+ 18 R240 Si2+ + He+ →Si3+ + He 18
Notes: List of the reactions considered and their source. Radiative Recombination rates for all species are taken from Badnell (2006b). (1) Badnell (2006a),
(2) Bautista & Badnell (2007), (3) Colgan et al. (2004), (4) Colgan et al. (2003), (5) Altun et al. (2004), (6) Zatsarinny et al. (2004b), (7) Mitnik & Badnell
(2004), (8) Zatsarinny et al. (2004a), (9) Altun et al. (2006), (10) Verner & Ferland (1996), (11) Voronov (1997), (12) Glover & Abel (2008), (13) Shull &
van Steenberg (1982), (14) Mazzotta et al. (1998), (15) Haardt & Madau (2012), (16) Badnell (2014), (17) Kingdon & Ferland (1996), (18) Wakelam et al.
(2012), (19) Zatsarinny et al. (2006), (20) Zatsarinny et al. (2003), (21) Abdel-Naby et al. (2012), (22) Altun et al. (2007), and (23) Glover & Savin (2009).
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SUMMARY OF RESULTS
Table 3: U=0
Col. (cm−2) 1.0E17 2.9E17 1.0E17 2.9E17 1.0E18 1.4E17 7.1E17 1.4E18 7.1E18 1.4E18 4.3E18 1.4E19 4.3E19 5.7E18 1.4E19 5.7E19 1.4E20 1.0E19 2.9E19 1.0E20 2.9E20
σ1D (km s
−1) 3.5 11.5 11.5 11.5 11.5 20.2 20.2 20.2 20.2 34.6 34.6 34.6 34.6 46.2 46.2 46.2 46.2 57.7 57.7 57.7 57.7
TDW (10
4 K) 1.0 1.3 5.2 1.3 0.9 12.4 1.1 0.9 0.6 3.9 1.0 0.7 0.6 1.5 0.9 0.6 0.5 1.7 0.9 0.6 0.5
MDW 0.6 1.2 0.6 1.2 1.6 0.7 2.5 2.7 3.4 2.3 4.3 5.6 6.7 4.9 7.4 8.2 9.1 5.7 8.8 10.6 11.7
H -0.3 -0.8 -3.6 -0.8 -0.4 -4.9 -0.6 -0.5 -0.4 -1.8 -0.6 -0.4 -0.4 -0.8 -0.5 -0.4 -0.4 -0.8 -0.5 -0.4 -0.4
H+ -0.3 -0.1 -0.0 -0.1 -0.2 -0.0 -0.1 -0.2 -0.2 -0.0 -0.1 -0.2 -0.2 -0.1 -0.2 -0.2 -0.2 -0.1 -0.2 -0.2 -0.2
He -0.0 -0.9 -3.1 -0.9 -0.2 -4.6 -0.2 -0.2 -0.0 -1.4 -0.0 -0.0 -0.0 -0.3 -0.0 -0.0 -0.0 -0.3 -0.0 -0.0 -0.0
He+ -4.8 -0.2 -0.7 -0.2 -0.5 -1.3 -0.4 -0.5 -2.6 -0.2 -1.1 -2.9 -3.9 -0.3 -1.3 -2.3 -3.2 -0.3 -1.1 -2.1 -2.7
He2+ -21.6 -0.6 -0.1 -0.6 -2.8 -0.0 -2.6 -2.6 -8.7 -0.6 -3.9 -6.2 -7.8 -1.7 -3.4 -4.2 -5.6 -1.2 -2.6 -4.1 -4.7
C -0.1 -0.8 -3.0 -0.8 -0.2 -5.5 -0.7 -0.4 -0.1 -1.7 -0.4 -0.1 -0.0 -0.6 -0.2 -0.1 -0.0 -0.5 -0.2 -0.1 -0.0
C+ -0.8 -0.1 -0.6 -0.1 -0.4 -2.4 -0.1 -0.2 -0.9 -0.4 -0.2 -0.6 -1.1 -0.2 -0.4 -0.8 -1.2 -0.2 -0.4 -0.8 -1.2
C2+ -8.1 -2.3 -0.1 -2.3 -5.8 -0.6 -2.8 -3.6 -5.0 -0.3 -2.3 -3.8 -4.4 -1.1 -2.1 -3.0 -3.9 -1.0 -1.9 -3.0 -3.5
C3+ -20.3 -13.3 -2.2 -13.3 -17.7 -0.3 -8.8 -8.3 -12.0 -1.5 -4.4 -7.7 -9.1 -2.5 -4.3 -5.2 -6.7 -2.0 -3.3 -4.7 -5.4
C4+ -20.1 -21.9 -1.2 -21.9 -26.5 -0.7 -14.2 -12.8 -18.6 -2.0 -5.8 -9.9 -13.2 -3.1 -5.7 -6.5 -8.8 -2.1 -4.0 -5.3 -6.4
C5+ -17.9 -21.6 -17.7 -21.6 -26.2 -12.3 -23.6 -26.2 -26.3 -9.5 -13.2 -25.7 -20.3 -8.7 -12.1 -13.7 -18.2 -6.0 -9.8 -11.3 -13.7
N -0.3 -0.7 -2.8 -0.7 -0.3 -5.3 -0.5 -0.3 -0.2 -1.6 -0.4 -0.2 -0.1 -0.6 -0.3 -0.2 -0.1 -0.5 -0.3 -0.2 -0.1
N+ -0.3 -0.1 -0.4 -0.1 -0.3 -2.1 -0.2 -0.3 -0.5 -0.2 -0.2 -0.4 -0.6 -0.2 -0.3 -0.5 -0.6 -0.2 -0.4 -0.5 -0.6
N2+ -18.8 -7.0 -0.3 -7.0 -9.8 -0.5 -5.2 -5.5 -7.7 -0.5 -3.5 -5.7 -6.6 -1.6 -3.2 -4.0 -5.3 -1.3 -2.5 -3.8 -4.2
N3+ -19.5 -10.5 -2.0 -10.5 -19.3 -0.2 -9.7 -9.1 -13.3 -1.3 -4.4 -8.0 -9.6 -2.4 -4.4 -5.3 -6.8 -1.9 -3.3 -4.7 -5.3
N4+ -19.4 -10.4 -6.2 -10.4 -22.5 -1.4 -15.3 -13.8 -20.2 -2.7 -6.0 -11.1 -14.2 -3.5 -6.0 -6.8 -9.1 -2.7 -4.5 -5.6 -6.8
N5+ -17.1 -8.8 -5.4 -8.8 -20.6 -3.3 -14.3 -15.6 -24.1 -3.6 -7.9 -13.4 -15.8 -4.2 -7.0 -7.8 -10.4 -2.7 -5.0 -6.2 -7.8
N6+ -17.8 -23.4 -17.5 -23.4 -25.8 -17.3 -25.8 -25.8 -25.8 -12.9 -16.7 -25.8 -19.9 -11.1 -15.1 -17.5 -19.2 -7.4 -12.3 -14.2 -17.0
O -0.2 -0.7 -3.2 -0.7 -0.4 -5.3 -0.6 -0.4 -0.3 -1.8 -0.5 -0.4 -0.3 -0.8 -0.5 -0.4 -0.3 -0.7 -0.4 -0.4 -0.3
O+ -0.4 -0.1 -0.4 -0.1 -0.3 -2.0 -0.1 -0.2 -0.3 -0.2 -0.2 -0.2 -0.3 -0.1 -0.2 -0.3 -0.3 -0.1 -0.2 -0.3 -0.3
O2+ -19.8 -8.0 -0.2 -8.0 -10.7 -0.5 -5.7 -5.9 -8.2 -0.5 -3.5 -5.8 -6.9 -1.6 -3.2 -4.0 -5.3 -1.3 -2.5 -3.7 -4.2
O3+ -20.4 -16.8 -1.7 -16.8 -26.9 -0.2 -10.3 -9.5 -13.9 -1.3 -4.5 -8.0 -10.0 -2.4 -4.4 -5.3 -6.9 -1.9 -3.3 -4.7 -5.4
O4+ -19.4 -19.7 -5.7 -19.7 -26.6 -1.5 -15.8 -14.1 -20.9 -2.8 -6.1 -11.2 -14.7 -3.6 -6.0 -6.7 -9.2 -2.7 -4.5 -5.6 -6.8
O5+ -18.0 -19.1 -11.8 -19.1 -26.3 -4.3 -17.2 -20.6 -25.7 -4.5 -8.3 -15.2 -17.7 -4.8 -7.8 -8.5 -12.0 -3.5 -5.7 -6.6 -8.2
O6+ -18.4 -20.1 -15.0 -20.1 -26.3 -7.6 -20.6 -25.9 -26.4 -5.9 -10.6 -20.0 -20.5 -5.7 -9.3 -10.5 -14.6 -3.7 -6.7 -8.0 -9.8
O7+ -19.7 -26.5 -18.6 -26.5 -26.5 -18.3 -26.5 -26.5 -26.6 -17.0 -20.9 -26.6 -20.4 -14.0 -18.5 -21.4 -19.8 -8.8 -15.1 -17.4 -19.4
Ne -0.0 -1.3 -3.4 -1.3 -0.4 -5.0 -0.5 -0.4 -0.0 -2.1 -0.1 -0.0 -0.0 -0.6 -0.1 -0.0 -0.0 -0.5 -0.1 -0.0 -0.0
Ne+ -3.4 -0.2 -0.5 -0.2 -0.2 -1.7 -0.2 -0.2 -1.6 -0.4 -0.5 -1.9 -2.7 -0.2 -0.8 -1.7 -2.4 -0.2 -0.7 -1.5 -2.1
Ne2+ -16.5 -0.5 -0.2 -0.5 -2.6 -0.4 -2.5 -2.5 -8.1 -0.3 -3.0 -5.0 -6.4 -1.2 -2.7 -3.5 -4.8 -1.0 -2.1 -3.5 -4.0
Ne3+ -20.2 -15.2 -1.6 -15.2 -24.1 -0.3 -11.2 -10.3 -16.8 -1.5 -4.9 -9.0 -11.5 -2.7 -4.9 -5.8 -7.6 -2.0 -3.5 -5.0 -5.8
Ne4+ -20.3 -25.9 -4.3 -25.9 -26.4 -1.6 -17.6 -15.7 -17.8 -2.8 -6.5 -12.9 -16.9 -3.6 -6.4 -7.1 -10.1 -2.6 -4.6 -5.7 -7.0
Ne5+ -18.3 -25.4 -10.8 -25.4 -25.4 -4.6 -23.9 -22.4 -25.4 -4.6 -8.8 -16.7 -19.1 -4.8 -8.3 -8.8 -12.9 -3.5 -5.9 -6.7 -8.4
Ne6+ -19.0 -25.9 -18.2 -25.9 -25.9 -9.3 -25.9 -25.9 -26.1 -7.1 -11.8 -21.1 -18.6 -6.5 -11.1 -11.7 -17.3 -4.7 -7.8 -8.6 -11.0
Ne7+ -18.5 -25.8 -18.2 -25.8 -25.7 -15.0 -25.8 -25.7 -25.7 -10.1 -15.4 -25.7 -19.4 -8.5 -13.3 -15.2 -18.8 -5.8 -10.1 -11.2 -14.7
Ne8+ -19.1 -25.7 -17.6 -25.7 -25.7 -17.4 -25.7 -25.7 -25.7 -13.1 -18.2 -25.8 -19.8 -10.9 -15.9 -18.8 -19.0 -6.2 -11.8 -14.2 -16.1
Ne9+ -21.9 -25.9 -18.6 -25.9 -25.9 -18.1 -25.9 -25.9 -25.9 -25.9 -25.9 -26.0 -19.2 -22.3 -26.0 -19.9 -18.5 -12.3 -21.8 -19.1 -18.2
Na -3.2 -3.9 -6.8 -3.9 -2.5 -7.2 -2.9 -2.3 -1.2 -4.1 -2.1 -1.2 -0.7 -2.3 -1.5 -0.8 -0.5 -2.0 -1.2 -0.7 -0.5
Na+ -0.0 -0.3 -0.9 -0.3 -0.0 -1.7 -0.0 -0.0 -0.0 -0.5 -0.0 -0.0 -0.1 -0.0 -0.0 -0.1 -0.1 -0.1 -0.0 -0.1 -0.2
Na2+ -15.8 -0.4 -0.1 -0.4 -1.8 -0.0 -1.6 -1.7 -6.7 -0.2 -2.8 -4.8 -6.1 -1.0 -2.5 -3.3 -4.6 -0.8 -2.0 -3.3 -3.8
Mg -1.3 -1.9 -6.5 -1.9 -1.4 -8.1 -1.7 -1.5 -1.5 -3.1 -1.6 -1.5 -1.5 -1.8 -1.5 -1.5 -1.6 -1.7 -1.5 -1.5 -1.6
Mg+ -0.0 -0.5 -3.4 -0.5 -0.1 -4.2 -0.3 -0.1 -0.0 -1.6 -0.1 -0.0 -0.0 -0.4 -0.1 -0.0 -0.0 -0.3 -0.1 -0.0 -0.0
Mg2+ -1.7 -0.2 -0.0 -0.2 -1.1 -0.2 -0.4 -0.8 -2.0 -0.0 -0.6 -1.4 -2.0 -0.3 -0.8 -1.4 -1.8 -0.3 -0.8 -1.4 -1.8
Mg3+ -23.6 -18.9 -1.0 -18.9 -22.7 -0.4 -10.4 -9.9 -14.4 -1.8 -5.2 -9.0 -11.0 -2.9 -5.1 -6.0 -8.0 -2.0 -3.8 -5.1 -6.0
Si -1.2 -2.2 -5.0 -2.2 -1.8 -8.3 -1.9 -1.7 -0.4 -3.0 -1.3 -0.4 -0.2 -1.9 -0.8 -0.3 -0.2 -1.7 -0.7 -0.3 -0.2
Si+ -0.0 -0.1 -1.9 -0.1 -0.0 -4.7 -0.0 -0.0 -0.2 -0.8 -0.1 -0.2 -0.4 -0.1 -0.1 -0.3 -0.5 -0.2 -0.1 -0.3 -0.5
Si2+ -1.9 -0.9 -0.4 -0.9 -1.7 -2.3 -1.1 -1.5 -2.1 -0.2 -1.2 -1.8 -2.2 -0.6 -1.3 -1.8 -2.2 -0.6 -1.3 -1.8 -2.2
Si3+ -11.6 -4.2 -1.2 -4.2 -6.3 -1.4 -4.7 -5.3 -8.0 -1.0 -3.7 -6.1 -7.0 -2.0 -3.5 -4.3 -5.5 -1.7 -2.7 -4.0 -4.5
Si4+ -20.1 -13.5 -0.3 -13.5 -20.0 -0.0 -10.7 -9.8 -14.6 -1.2 -4.7 -8.7 -10.5 -2.4 -4.7 -5.6 -7.3 -1.8 -3.3 -4.8 -5.5
Si5+ -17.4 -11.5 -8.0 -11.5 -24.0 -4.0 -14.5 -18.1 -23.3 -4.3 -8.2 -14.0 -15.8 -4.7 -7.4 -8.3 -11.0 -3.2 -5.7 -6.9 -8.6
S -0.5 -1.8 -4.4 -1.8 -0.7 -6.9 -1.4 -1.0 -0.2 -2.7 -0.9 -0.3 -0.1 -1.1 -0.5 -0.2 -0.1 -0.9 -0.4 -0.2 -0.1
S+ -0.2 -0.1 -1.3 -0.1 -0.1 -3.4 -0.0 -0.1 -0.4 -0.7 -0.1 -0.3 -0.7 -0.2 -0.2 -0.5 -0.8 -0.2 -0.3 -0.5 -0.9
S2+ -5.8 -0.7 -0.1 -0.7 -2.5 -1.2 -1.3 -2.0 -3.7 -0.2 -1.5 -2.7 -3.3 -0.6 -1.5 -2.3 -3.0 -0.6 -1.4 -2.3 -2.8
S3+ -24.8 -8.7 -0.8 -8.7 -12.8 -0.3 -6.3 -6.3 -9.2 -0.8 -3.7 -6.2 -7.3 -1.9 -3.5 -4.3 -5.6 -1.6 -2.7 -4.0 -4.5
S4+ -25.3 -16.2 -3.1 -16.2 -19.7 -0.3 -10.0 -9.1 -13.9 -1.6 -4.4 -7.8 -9.5 -2.6 -4.3 -5.3 -6.8 -2.0 -3.4 -4.7 -5.5
Ca -1.3 -2.6 -7.2 -2.6 -1.3 -8.1 -2.1 -1.5 -0.6 -3.5 -1.3 -0.6 -0.3 -1.5 -0.9 -0.4 -0.2 -1.3 -0.7 -0.3 -0.2
Ca+ -0.1 -0.9 -3.4 -0.9 -0.2 -3.5 -0.7 -0.4 -0.2 -1.9 -0.4 -0.2 -0.3 -0.6 -0.3 -0.3 -0.5 -0.6 -0.3 -0.4 -0.5
Ca2+ -1.0 -0.1 -0.1 -0.1 -0.6 -0.6 -0.1 -0.3 -1.2 -0.1 -0.3 -0.8 -1.4 -0.1 -0.4 -1.0 -1.3 -0.2 -0.5 -0.9 -1.3
Ca3+ -21.6 -10.8 -0.8 -10.8 -20.7 -0.3 -7.0 -6.8 -9.8 -0.8 -3.8 -6.4 -7.9 -1.9 -3.6 -4.5 -5.9 -1.6 -2.8 -4.1 -4.7
Ca4+ -24.3 -19.9 -2.6 -19.9 -24.5 -0.7 -12.0 -10.9 -16.3 -1.9 -5.0 -9.6 -11.8 -2.9 -5.0 -5.9 -7.9 -2.2 -3.8 -5.1 -6.1
Fe -3.9 -3.8 -6.9 -3.8 -3.9 -9.3 -3.8 -3.9 -4.0 -4.7 -3.9 -4.0 -4.1 -4.0 -3.9 -4.0 -4.1 -4.0 -3.9 -4.0 -4.1
Fe+ -0.0 -0.3 -3.3 -0.3 -0.0 -5.0 -0.1 -0.1 -0.0 -1.2 -0.1 -0.0 -0.0 -0.3 -0.1 -0.0 -0.0 -0.3 -0.1 -0.0 -0.0
Fe2+ -1.2 -0.4 -0.8 -0.4 -1.1 -2.1 -0.6 -0.9 -1.4 -0.3 -0.7 -1.1 -1.5 -0.4 -0.8 -1.2 -1.5 -0.4 -0.8 -1.2 -1.5
Fe3+ -22.8 -8.2 -0.2 -8.2 -10.9 -0.6 -5.9 -6.1 -8.5 -0.5 -3.5 -5.9 -7.0 -1.6 -3.2 -3.9 -5.3 -1.3 -2.4 -3.7 -4.1
Fe4+ -25.4 -17.6 -0.7 -17.6 -20.2 -0.1 -10.4 -9.5 -14.3 -1.1 -4.4 -8.2 -10.0 -2.3 -4.4 -5.3 -6.9 -1.7 -3.2 -4.6 -5.3
Notes: Abundances values are given as log10(Fi/Ft).
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Table 4: U=10−6
Col. (cm−2) 1.0E17 2.9E17 1.0E17 2.9E17 1.0E18 1.4E17 7.1E17 1.4E18 7.1E18 1.4E18 4.3E18 1.4E19 4.3E19 5.7E18 1.4E19 5.7E19 1.4E20 1.0E19 2.9E19 1.0E20 2.9E20
σ1D (km s
−1) 3.5 11.5 11.5 11.5 11.5 20.2 20.2 20.2 20.2 34.6 34.6 34.6 34.6 46.2 46.2 46.2 46.2 57.7 57.7 57.7 57.7
TDW (10
4 K) 0.9 1.2 4.9 1.2 0.8 12.2 1.1 0.9 0.6 3.7 1.0 0.7 0.5 1.5 0.9 0.6 0.5 1.8 0.9 0.6 0.5
MDW 0.6 1.2 0.7 1.2 1.7 0.7 2.4 2.9 3.3 2.3 4.8 5.9 6.2 4.8 6.4 7.8 8.5 5.5 7.9 10.0 11.4
H -0.3 -0.7 -3.5 -0.7 -0.4 -4.8 -0.6 -0.5 -0.4 -1.8 -0.6 -0.4 -0.4 -0.8 -0.5 -0.4 -0.4 -0.8 -0.5 -0.4 -0.4
H+ -0.3 -0.1 -0.0 -0.1 -0.2 -0.0 -0.1 -0.2 -0.2 -0.0 -0.1 -0.2 -0.2 -0.1 -0.2 -0.2 -0.2 -0.1 -0.2 -0.2 -0.2
He -0.0 -0.8 -2.9 -0.8 -0.1 -4.7 -0.2 -0.1 -0.0 -1.3 -0.0 -0.0 -0.0 -0.3 -0.0 -0.0 -0.0 -0.3 -0.1 -0.0 -0.0
He+ -2.4 -0.2 -0.6 -0.2 -0.6 -1.4 -0.5 -0.6 -1.5 -0.1 -1.2 -1.5 -1.5 -0.3 -1.1 -1.5 -1.5 -0.4 -1.0 -1.4 -1.4
He2+ -6.4 -0.8 -0.1 -0.8 -3.2 -0.0 -2.9 -3.2 -4.8 -0.7 -4.2 -4.8 -4.7 -1.7 -3.3 -4.3 -4.5 -1.2 -2.5 -3.2 -4.1
C -0.1 -0.8 -2.8 -0.8 -0.4 -5.4 -0.8 -0.5 -0.3 -1.7 -0.5 -0.3 -0.2 -0.6 -0.3 -0.2 -0.2 -0.6 -0.3 -0.2 -0.2
C+ -0.6 -0.1 -0.6 -0.1 -0.2 -2.3 -0.1 -0.2 -0.3 -0.3 -0.2 -0.3 -0.4 -0.2 -0.3 -0.4 -0.4 -0.2 -0.3 -0.4 -0.4
C2+ -3.2 -2.4 -0.2 -2.4 -2.6 -0.6 -2.4 -2.6 -2.7 -0.3 -2.4 -2.7 -2.7 -1.1 -2.1 -2.6 -2.7 -1.0 -1.8 -2.3 -2.6
C3+ -9.0 -7.8 -2.3 -7.8 -8.3 -0.3 -7.6 -8.1 -8.1 -1.6 -5.2 -6.3 -7.4 -2.4 -4.0 -5.3 -6.0 -2.0 -3.2 -3.8 -5.0
C4+ -15.2 -13.5 -1.3 -13.5 -14.1 -0.6 -11.5 -13.6 -13.2 -2.2 -7.4 -8.2 -10.7 -3.0 -5.0 -6.7 -7.9 -2.0 -3.8 -4.3 -5.8
C5+ -18.3 -18.7 -6.8 -18.7 -19.2 -6.2 -16.1 -17.5 -17.9 -7.3 -12.1 -12.5 -14.3 -7.7 -9.6 -11.1 -12.7 -5.7 -8.0 -8.9 -10.9
N -0.3 -0.6 -2.7 -0.6 -0.3 -5.2 -0.5 -0.4 -0.2 -1.6 -0.4 -0.2 -0.2 -0.6 -0.3 -0.2 -0.1 -0.5 -0.3 -0.2 -0.1
N+ -0.3 -0.1 -0.3 -0.1 -0.3 -2.0 -0.2 -0.3 -0.4 -0.2 -0.2 -0.4 -0.5 -0.2 -0.3 -0.5 -0.5 -0.2 -0.3 -0.5 -0.5
N2+ -4.4 -3.8 -0.3 -3.8 -4.2 -0.5 -3.9 -4.1 -4.3 -0.5 -3.7 -4.1 -4.2 -1.6 -3.1 -3.9 -4.1 -1.4 -2.4 -3.0 -3.7
N3+ -9.9 -8.9 -2.4 -8.9 -9.3 -0.2 -8.6 -9.0 -8.7 -1.4 -5.4 -6.4 -7.8 -2.4 -4.0 -5.3 -6.0 -2.0 -3.2 -3.7 -4.9
N4+ -15.9 -11.4 -6.4 -11.4 -14.6 -1.4 -13.0 -14.0 -13.2 -3.0 -7.5 -8.4 -11.4 -3.5 -5.4 -7.2 -8.5 -2.6 -4.2 -4.8 -6.5
N5+ -17.3 -9.7 -5.5 -9.7 -18.9 -3.2 -15.0 -16.5 -17.1 -3.7 -9.3 -9.6 -13.0 -4.1 -6.1 -8.3 -10.8 -2.4 -4.6 -5.1 -7.8
N6+ -18.4 -15.1 -11.3 -15.1 -24.4 -9.1 -20.9 -21.7 -22.1 -9.2 -14.4 -14.8 -18.0 -9.3 -11.1 -13.2 -15.2 -7.3 -9.4 -10.1 -12.8
O -0.2 -0.7 -3.1 -0.7 -0.4 -5.3 -0.6 -0.4 -0.4 -1.8 -0.5 -0.4 -0.3 -0.7 -0.5 -0.4 -0.3 -0.8 -0.4 -0.4 -0.4
O+ -0.4 -0.1 -0.3 -0.1 -0.3 -1.9 -0.1 -0.2 -0.2 -0.2 -0.2 -0.2 -0.3 -0.1 -0.2 -0.2 -0.3 -0.1 -0.2 -0.2 -0.3
O2+ -4.7 -4.0 -0.3 -4.0 -4.4 -0.5 -4.1 -4.3 -4.4 -0.5 -3.8 -4.3 -4.4 -1.5 -3.1 -3.9 -4.3 -1.3 -2.4 -3.0 -3.8
O3+ -10.2 -9.1 -2.0 -9.1 -9.6 -0.2 -8.9 -9.2 -9.2 -1.5 -5.5 -6.5 -8.3 -2.4 -4.1 -5.4 -6.2 -1.9 -3.2 -3.8 -4.9
O4+ -15.2 -13.7 -6.0 -13.7 -14.3 -1.6 -12.5 -13.7 -13.3 -3.0 -7.7 -8.4 -11.2 -3.5 -5.4 -7.2 -8.6 -2.6 -4.2 -4.8 -6.6
O5+ -18.2 -18.2 -11.0 -18.2 -18.5 -4.4 -16.2 -17.7 -17.1 -4.8 -10.2 -10.5 -14.2 -4.6 -6.8 -9.4 -11.7 -3.1 -5.2 -5.9 -8.8
O6+ -18.9 -21.4 -15.1 -21.4 -23.4 -7.5 -21.2 -22.1 -21.4 -5.8 -13.2 -13.2 -17.9 -5.5 -7.8 -11.4 -14.1 -3.0 -5.7 -6.5 -10.9
O7+ -20.6 -26.5 -18.8 -26.5 -26.5 -13.6 -26.5 -26.5 -26.4 -11.5 -18.5 -18.6 -21.5 -11.0 -13.0 -16.2 -18.4 -8.7 -10.8 -11.4 -15.6
Ne -0.0 -1.2 -3.3 -1.2 -0.3 -5.0 -0.5 -0.3 -0.1 -2.0 -0.1 -0.1 -0.0 -0.5 -0.1 -0.1 -0.1 -0.5 -0.1 -0.1 -0.1
Ne+ -2.0 -0.2 -0.5 -0.2 -0.3 -1.7 -0.2 -0.3 -1.0 -0.3 -0.6 -1.0 -1.0 -0.2 -0.7 -0.9 -0.9 -0.2 -0.6 -0.9 -0.9
Ne2+ -4.8 -0.6 -0.2 -0.6 -2.3 -0.4 -2.4 -2.5 -3.1 -0.3 -2.8 -3.2 -3.1 -1.2 -2.5 -3.0 -2.9 -1.0 -2.0 -2.6 -2.8
Ne3+ -10.3 -5.7 -1.8 -5.7 -7.6 -0.3 -7.5 -7.6 -8.2 -1.7 -6.2 -7.1 -7.7 -2.6 -4.4 -5.9 -6.7 -2.0 -3.5 -4.0 -5.2
Ne4+ -16.3 -11.2 -4.6 -11.2 -13.2 -1.6 -12.8 -12.9 -13.3 -3.1 -8.4 -9.3 -11.9 -3.6 -5.7 -7.8 -9.4 -2.5 -4.3 -4.9 -6.7
Ne5+ -19.2 -15.9 -9.1 -15.9 -17.7 -4.7 -17.2 -17.2 -17.1 -4.9 -11.1 -11.5 -14.8 -4.7 -7.0 -9.8 -12.3 -3.1 -5.3 -6.1 -9.2
Ne6+ -19.9 -21.3 -14.3 -21.3 -22.9 -9.4 -22.5 -22.2 -21.6 -7.4 -15.1 -15.6 -18.3 -6.2 -9.1 -13.1 -16.0 -4.0 -6.7 -7.9 -12.9
Ne7+ -19.3 -25.8 -18.4 -25.8 -25.7 -14.9 -25.4 -25.5 -25.5 -10.2 -19.5 -19.6 -20.3 -7.7 -11.3 -16.6 -18.9 -5.0 -8.0 -9.3 -16.1
Ne8+ -20.1 -25.7 -17.9 -25.7 -25.7 -17.5 -25.5 -25.6 -25.7 -11.8 -23.1 -23.9 -20.4 -9.3 -13.3 -17.8 -19.2 -5.8 -9.1 -10.5 -18.6
Ne9+ -23.4 -25.9 -19.1 -25.9 -25.9 -18.3 -25.9 -25.9 -25.9 -17.8 -25.9 -26.0 -19.8 -15.2 -18.9 -19.4 -18.7 -12.0 -14.5 -15.5 -18.3
Na -3.0 -3.7 -6.7 -3.7 -2.4 -7.2 -2.9 -2.3 -1.2 -4.3 -2.1 -1.1 -0.7 -2.1 -1.4 -0.8 -0.6 -2.0 -1.2 -0.7 -0.5
Na+ -0.0 -0.2 -0.8 -0.2 -0.0 -1.6 -0.0 -0.0 -0.0 -0.4 -0.0 -0.0 -0.1 -0.0 -0.0 -0.1 -0.1 -0.1 -0.0 -0.1 -0.2
Na2+ -2.6 -0.4 -0.1 -0.4 -1.8 -0.0 -1.7 -1.9 -2.1 -0.2 -2.2 -2.2 -2.3 -1.1 -2.1 -2.3 -2.3 -0.8 -1.7 -2.1 -2.3
Mg -1.3 -1.8 -6.2 -1.8 -1.4 -8.2 -1.7 -1.5 -1.5 -3.0 -1.5 -1.5 -1.5 -1.8 -1.5 -1.5 -1.6 -1.8 -1.5 -1.5 -1.6
Mg+ -0.0 -0.4 -3.3 -0.4 -0.0 -4.3 -0.3 -0.1 -0.0 -1.5 -0.1 -0.0 -0.0 -0.3 -0.1 -0.0 -0.0 -0.3 -0.1 -0.0 -0.0
Mg2+ -1.7 -0.2 -0.0 -0.2 -1.3 -0.2 -0.4 -0.8 -1.9 -0.0 -0.7 -1.4 -1.9 -0.3 -0.8 -1.5 -1.8 -0.3 -0.8 -1.3 -1.7
Mg3+ -7.3 -5.4 -1.0 -5.4 -6.7 -0.4 -5.6 -6.1 -7.2 -1.9 -5.7 -6.4 -7.0 -2.8 -4.6 -5.9 -6.6 -1.9 -3.6 -4.1 -5.4
Si -1.8 -2.2 -4.8 -2.2 -1.9 -8.2 -2.0 -1.8 -1.2 -3.0 -1.5 -1.1 -1.0 -1.9 -1.2 -1.0 -0.9 -1.8 -1.2 -0.9 -0.9
Si+ -0.0 -0.0 -1.7 -0.0 -0.0 -4.7 -0.0 -0.0 -0.0 -0.8 -0.0 -0.0 -0.1 -0.1 -0.0 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1
Si2+ -2.0 -1.0 -0.3 -1.0 -1.8 -2.4 -1.1 -1.5 -2.0 -0.2 -1.2 -1.8 -2.1 -0.7 -1.3 -1.8 -2.1 -0.6 -1.2 -1.7 -2.0
Si3+ -7.3 -4.4 -1.2 -4.4 -6.4 -1.4 -4.7 -5.6 -7.0 -1.0 -4.1 -5.2 -6.0 -1.9 -3.4 -4.4 -5.0 -1.7 -2.7 -3.3 -4.3
Si4+ -14.1 -10.9 -0.4 -10.9 -13.3 -0.0 -9.9 -12.2 -13.4 -1.4 -5.8 -6.9 -9.1 -2.4 -4.2 -5.7 -6.5 -1.8 -3.2 -3.7 -4.8
Si5+ -17.5 -12.4 -4.5 -12.4 -17.0 -3.8 -12.6 -13.7 -16.7 -4.3 -9.3 -9.5 -11.3 -4.6 -6.4 -8.5 -9.8 -2.9 -5.1 -5.8 -8.3
S -0.7 -1.7 -4.3 -1.7 -1.1 -6.8 -1.6 -1.2 -0.8 -2.8 -1.0 -0.7 -0.6 -1.1 -0.8 -0.6 -0.6 -1.0 -0.7 -0.5 -0.5
S+ -0.1 -0.1 -1.2 -0.1 -0.0 -3.3 -0.0 -0.0 -0.1 -0.7 -0.1 -0.1 -0.1 -0.2 -0.1 -0.1 -0.1 -0.2 -0.1 -0.2 -0.2
S2+ -2.7 -0.8 -0.1 -0.8 -2.0 -1.2 -1.4 -1.9 -2.2 -0.2 -1.5 -2.1 -2.2 -0.6 -1.5 -2.1 -2.2 -0.6 -1.3 -1.8 -2.1
S3+ -8.3 -6.0 -1.0 -6.0 -7.5 -0.3 -5.8 -7.2 -7.5 -0.9 -4.1 -5.3 -6.2 -1.9 -3.4 -4.4 -5.0 -1.6 -2.7 -3.3 -4.3
S4+ -14.5 -11.7 -3.5 -11.7 -13.5 -0.3 -9.0 -12.4 -12.9 -1.8 -5.2 -6.3 -8.2 -2.5 -4.1 -5.3 -6.1 -2.0 -3.3 -3.8 -5.1
Ca -1.3 -2.4 -7.1 -2.4 -1.3 -8.0 -2.2 -1.5 -1.0 -3.6 -1.5 -1.0 -0.8 -1.6 -1.1 -0.9 -0.8 -1.5 -1.0 -0.8 -0.8
Ca+ -0.1 -0.8 -3.4 -0.8 -0.1 -3.4 -0.7 -0.3 -0.1 -1.9 -0.4 -0.1 -0.1 -0.6 -0.2 -0.1 -0.1 -0.6 -0.2 -0.1 -0.1
Ca2+ -1.0 -0.1 -0.1 -0.1 -0.6 -0.6 -0.1 -0.3 -1.1 -0.1 -0.3 -0.8 -1.3 -0.2 -0.5 -0.9 -1.3 -0.2 -0.5 -0.9 -1.2
Ca3+ -5.4 -4.3 -0.8 -4.3 -4.7 -0.3 -4.3 -4.4 -5.0 -0.9 -4.1 -4.6 -5.0 -1.9 -3.4 -4.3 -4.8 -1.6 -2.8 -3.4 -4.2
Ca4+ -11.1 -9.5 -2.7 -9.5 -10.0 -0.8 -9.5 -9.5 -9.7 -2.1 -6.1 -7.1 -9.1 -2.9 -4.6 -6.1 -7.1 -2.2 -3.7 -4.2 -5.7
Fe -4.0 -3.7 -6.7 -3.7 -4.0 -9.2 -3.8 -3.9 -4.0 -4.6 -3.9 -4.0 -4.0 -4.0 -3.9 -4.0 -4.0 -4.0 -3.9 -4.0 -4.0
Fe+ -0.0 -0.2 -3.2 -0.2 -0.0 -4.9 -0.1 -0.1 -0.0 -1.2 -0.1 -0.0 -0.0 -0.2 -0.1 -0.0 -0.0 -0.3 -0.1 -0.0 -0.0
Fe2+ -1.3 -0.4 -0.6 -0.4 -1.1 -2.1 -0.6 -0.9 -1.3 -0.2 -0.7 -1.2 -1.4 -0.4 -0.8 -1.2 -1.5 -0.4 -0.8 -1.2 -1.4
Fe3+ -5.9 -4.7 -0.2 -4.7 -5.7 -0.6 -4.9 -5.4 -5.9 -0.5 -4.0 -5.0 -5.5 -1.5 -3.1 -4.1 -4.6 -1.3 -2.4 -3.0 -3.8
Fe4+ -11.2 -9.6 -0.8 -9.6 -10.9 -0.1 -9.3 -10.2 -10.4 -1.2 -5.4 -6.5 -8.5 -2.3 -4.0 -5.3 -6.1 -1.7 -3.1 -3.7 -4.7
Notes: Abundances values are given as log10(Fi/Ft).
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Table 5: U=10−3
Col. (cm−2) 1.0E17 2.9E17 1.0E17 2.9E17 1.0E18 1.4E17 7.1E17 1.4E18 7.1E18 1.4E18 4.3E18 1.4E19 4.3E19 5.7E18 1.4E19 5.7E19 1.4E20 1.0E19 2.9E19 1.0E20 2.9E20
σ1D (km s
−1) 3.5 11.5 11.5 11.5 11.5 20.2 20.2 20.2 20.2 34.6 34.6 34.6 34.6 46.2 46.2 46.2 46.2 57.7 57.7 57.7 57.7
TDW (10
4 K) 1.2 2.2 4.0 2.2 1.4 13.2 3.3 2.1 1.1 4.6 2.1 1.2 0.8 2.6 1.6 0.9 0.8 2.9 1.5 0.9 0.8
MDW 0.4 1.0 0.7 1.0 1.1 0.7 1.4 1.7 2.3 2.1 2.9 3.5 4.8 3.6 4.3 5.8 6.5 4.1 6.0 7.2 8.2
H -2.1 -2.3 -3.2 -2.3 -2.1 -4.9 -2.7 -2.1 -1.8 -2.6 -1.8 -1.5 -1.5 -1.7 -1.6 -1.5 -1.5 -1.7 -1.6 -1.5 -1.5
H+ -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0
He -2.0 -2.3 -2.7 -2.3 -2.1 -5.1 -2.4 -2.0 -1.6 -2.4 -1.7 -1.3 -1.2 -1.5 -1.3 -1.2 -1.1 -1.4 -1.3 -1.1 -1.1
He+ -0.1 -0.2 -0.4 -0.2 -0.2 -1.7 -0.2 -0.2 -0.2 -0.3 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2
He2+ -0.6 -0.4 -0.2 -0.4 -0.4 -0.0 -0.4 -0.4 -0.5 -0.3 -0.5 -0.6 -0.6 -0.5 -0.6 -0.6 -0.6 -0.5 -0.6 -0.6 -0.6
C -3.9 -3.2 -2.9 -3.2 -3.6 -6.0 -2.9 -3.0 -3.1 -3.0 -2.7 -2.6 -2.5 -2.6 -2.6 -2.5 -2.5 -2.5 -2.5 -2.4 -2.4
C+ -0.7 -0.7 -0.5 -0.7 -0.7 -2.8 -0.5 -0.6 -0.5 -0.6 -0.5 -0.4 -0.3 -0.4 -0.4 -0.3 -0.3 -0.4 -0.3 -0.3 -0.3
C2+ -0.1 -0.1 -0.2 -0.1 -0.1 -0.9 -0.2 -0.2 -0.2 -0.2 -0.2 -0.3 -0.3 -0.2 -0.3 -0.3 -0.3 -0.3 -0.3 -0.3 -0.3
C3+ -1.4 -1.4 -1.5 -1.4 -1.4 -0.5 -1.5 -1.5 -1.4 -1.1 -1.5 -1.5 -1.5 -1.4 -1.5 -1.5 -1.5 -1.3 -1.5 -1.5 -1.5
C4+ -3.0 -2.8 -2.3 -2.8 -2.9 -0.3 -2.6 -2.7 -2.5 -1.6 -2.4 -2.4 -2.2 -1.9 -2.2 -2.2 -2.1 -1.4 -2.1 -2.1 -2.0
C5+ -5.5 -5.0 -4.5 -5.0 -5.1 -2.6 -4.8 -4.9 -4.4 -3.7 -4.4 -4.2 -3.8 -4.0 -4.1 -3.7 -3.5 -3.4 -3.8 -3.6 -3.4
N -3.2 -3.2 -3.1 -3.2 -3.1 -5.5 -3.0 -2.7 -2.3 -2.9 -2.2 -1.8 -1.7 -2.1 -1.9 -1.7 -1.6 -2.0 -1.8 -1.6 -1.6
N+ -0.7 -0.7 -0.6 -0.7 -0.6 -2.3 -0.6 -0.5 -0.4 -0.6 -0.4 -0.3 -0.3 -0.3 -0.3 -0.3 -0.3 -0.3 -0.3 -0.3 -0.3
N2+ -0.1 -0.1 -0.2 -0.1 -0.1 -0.6 -0.2 -0.2 -0.3 -0.2 -0.3 -0.4 -0.4 -0.3 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4
N3+ -1.2 -1.2 -1.0 -1.2 -1.2 -0.2 -1.1 -1.2 -1.2 -0.9 -1.2 -1.2 -1.2 -1.2 -1.2 -1.2 -1.3 -1.1 -1.3 -1.3 -1.3
N4+ -2.9 -2.8 -2.7 -2.8 -2.8 -1.1 -2.7 -2.8 -2.5 -2.3 -2.6 -2.4 -2.2 -2.3 -2.4 -2.2 -2.2 -2.0 -2.3 -2.2 -2.2
N5+ -4.7 -4.3 -4.4 -4.3 -4.3 -2.4 -4.2 -4.2 -3.7 -3.0 -3.6 -3.4 -3.1 -2.9 -3.3 -3.0 -2.8 -1.9 -2.9 -2.9 -2.8
N6+ -7.6 -7.0 -7.2 -7.0 -7.0 -5.1 -6.8 -6.7 -5.9 -5.4 -5.9 -5.5 -4.9 -5.2 -5.4 -4.8 -4.4 -4.2 -4.9 -4.6 -4.3
O -2.7 -3.0 -3.7 -3.0 -2.6 -5.6 -3.3 -2.4 -1.9 -2.9 -1.9 -1.6 -1.6 -1.8 -1.6 -1.6 -1.5 -1.7 -1.6 -1.5 -1.5
O+ -0.6 -0.7 -0.8 -0.7 -0.5 -2.2 -0.7 -0.5 -0.3 -0.7 -0.3 -0.3 -0.3 -0.3 -0.3 -0.2 -0.2 -0.3 -0.2 -0.2 -0.2
O2+ -0.2 -0.2 -0.2 -0.2 -0.2 -0.6 -0.2 -0.3 -0.4 -0.2 -0.4 -0.5 -0.5 -0.4 -0.5 -0.5 -0.6 -0.4 -0.5 -0.5 -0.6
O3+ -1.1 -0.9 -0.7 -0.9 -1.1 -0.2 -0.8 -1.0 -1.1 -0.8 -1.1 -1.1 -1.1 -1.0 -1.1 -1.1 -1.1 -1.0 -1.1 -1.1 -1.1
O4+ -2.5 -2.3 -2.0 -2.3 -2.4 -1.2 -2.1 -2.3 -2.2 -2.0 -2.2 -2.1 -2.0 -2.1 -2.1 -2.0 -2.0 -1.8 -2.0 -2.0 -2.0
O5+ -4.3 -4.0 -4.0 -4.0 -4.0 -3.1 -4.0 -4.0 -3.5 -3.7 -3.8 -3.3 -3.0 -3.4 -3.4 -3.0 -2.8 -2.6 -3.1 -2.9 -2.8
O6+ -6.5 -6.0 -6.1 -6.0 -6.0 -5.2 -5.9 -5.8 -5.0 -4.7 -5.1 -4.7 -4.1 -4.2 -4.5 -4.1 -3.7 -2.7 -4.0 -3.9 -3.7
O7+ -9.8 -9.0 -9.3 -9.0 -9.0 -8.4 -8.8 -8.6 -7.5 -7.4 -7.6 -7.0 -6.0 -6.7 -6.9 -6.0 -5.4 -5.3 -6.1 -5.8 -5.3
Ne -3.9 -4.3 -4.4 -4.3 -3.9 -5.4 -4.3 -3.6 -2.8 -3.8 -2.8 -2.1 -2.0 -2.6 -2.2 -2.0 -1.9 -2.4 -2.1 -1.9 -1.8
Ne+ -1.2 -1.4 -1.4 -1.4 -1.3 -2.0 -1.4 -1.2 -0.9 -1.1 -0.9 -0.6 -0.6 -0.8 -0.7 -0.6 -0.5 -0.7 -0.6 -0.5 -0.5
Ne2+ -0.1 -0.1 -0.2 -0.1 -0.1 -0.5 -0.2 -0.1 -0.1 -0.2 -0.1 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2
Ne3+ -0.9 -0.8 -0.5 -0.8 -0.9 -0.2 -0.6 -0.9 -1.0 -0.6 -0.9 -1.0 -1.0 -0.9 -1.0 -1.0 -1.1 -0.9 -1.0 -1.1 -1.1
Ne4+ -2.4 -2.1 -1.5 -2.1 -2.3 -1.0 -1.7 -2.0 -1.9 -1.6 -1.8 -1.8 -1.8 -1.7 -1.7 -1.7 -1.7 -1.6 -1.7 -1.7 -1.7
Ne5+ -4.1 -3.7 -3.1 -3.7 -4.0 -2.7 -3.2 -3.4 -3.2 -3.0 -3.1 -2.9 -2.8 -2.9 -2.8 -2.7 -2.6 -2.5 -2.7 -2.7 -2.6
Ne6+ -6.8 -6.1 -5.4 -6.1 -6.4 -5.0 -5.4 -5.6 -5.1 -5.1 -5.0 -4.5 -4.2 -4.6 -4.4 -4.1 -3.9 -3.5 -4.1 -4.0 -3.9
Ne7+ -9.3 -8.7 -8.0 -8.7 -8.9 -7.7 -8.0 -8.0 -7.0 -7.4 -7.1 -6.3 -5.5 -6.5 -6.2 -5.6 -5.1 -4.6 -5.6 -5.3 -5.0
Ne8+ -12.3 -11.4 -10.9 -11.4 -11.5 -10.6 -10.6 -10.4 -8.9 -9.6 -9.0 -8.2 -6.9 -7.9 -8.1 -7.0 -6.2 -5.6 -7.1 -6.6 -6.0
Ne9+ -16.0 -14.9 -14.5 -14.9 -15.0 -14.3 -14.0 -13.7 -11.6 -12.7 -11.9 -10.8 -9.1 -10.5 -10.7 -9.2 -7.9 -8.5 -9.5 -8.7 -7.6
Na -5.1 -6.3 -7.2 -6.3 -5.1 -7.3 -6.5 -4.9 -3.5 -5.3 -3.8 -2.7 -2.4 -3.6 -2.9 -2.4 -2.3 -3.2 -2.7 -2.3 -2.2
Na+ -1.2 -1.4 -1.4 -1.4 -1.2 -1.8 -1.4 -1.2 -0.9 -1.2 -0.9 -0.6 -0.6 -0.8 -0.7 -0.6 -0.5 -0.8 -0.6 -0.5 -0.5
Na2+ -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.1 -0.0 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.2 -0.1 -0.1 -0.2 -0.2
Mg -2.2 -3.5 -5.8 -3.5 -2.6 -8.6 -4.4 -3.0 -2.4 -3.9 -2.6 -2.2 -2.3 -2.5 -2.2 -2.2 -2.3 -2.4 -2.2 -2.2 -2.2
Mg+ -0.4 -1.5 -3.1 -1.5 -0.9 -4.6 -2.3 -1.2 -0.6 -2.1 -0.8 -0.4 -0.3 -0.8 -0.5 -0.4 -0.3 -0.7 -0.5 -0.3 -0.3
Mg2+ -0.3 -0.1 -0.2 -0.1 -0.1 -0.6 -0.2 -0.1 -0.2 -0.2 -0.2 -0.3 -0.4 -0.2 -0.3 -0.4 -0.4 -0.2 -0.3 -0.4 -0.4
Mg3+ -1.1 -0.8 -0.4 -0.8 -1.0 -0.1 -0.5 -0.8 -0.9 -0.5 -0.8 -0.9 -0.9 -0.8 -0.9 -0.9 -0.9 -0.7 -0.9 -0.9 -0.9
Si -4.9 -4.7 -4.7 -4.7 -4.7 -8.8 -4.7 -4.5 -4.1 -4.7 -4.1 -3.6 -3.5 -3.9 -3.7 -3.5 -3.4 -3.8 -3.6 -3.4 -3.4
Si+ -0.6 -1.0 -1.4 -1.0 -0.7 -5.1 -1.2 -0.8 -0.3 -1.2 -0.5 -0.3 -0.2 -0.5 -0.4 -0.2 -0.2 -0.5 -0.3 -0.2 -0.2
Si2+ -0.1 -0.1 -0.0 -0.1 -0.1 -2.7 -0.1 -0.1 -0.3 -0.2 -0.2 -0.4 -0.5 -0.2 -0.3 -0.5 -0.5 -0.3 -0.3 -0.5 -0.5
Si3+ -1.2 -1.4 -1.4 -1.4 -1.3 -1.7 -1.3 -1.4 -1.4 -0.8 -1.3 -1.5 -1.5 -1.2 -1.4 -1.5 -1.5 -1.2 -1.4 -1.5 -1.4
Si4+ -3.3 -3.3 -2.7 -3.3 -3.3 -0.1 -2.6 -3.0 -2.9 -0.9 -2.1 -2.5 -2.5 -1.5 -2.1 -2.3 -2.3 -1.2 -2.0 -2.3 -2.3
Si5+ -4.5 -4.1 -3.3 -4.1 -4.1 -1.0 -3.3 -3.8 -3.4 -1.7 -2.6 -2.9 -2.7 -2.2 -2.6 -2.5 -2.4 -1.8 -2.4 -2.5 -2.3
S -5.2 -4.8 -4.4 -4.8 -5.0 -7.2 -4.5 -4.5 -4.2 -4.5 -4.0 -3.5 -3.4 -3.8 -3.6 -3.4 -3.3 -3.7 -3.5 -3.3 -3.2
S+ -1.2 -1.0 -1.0 -1.0 -1.1 -3.6 -1.0 -0.9 -0.8 -1.1 -0.8 -0.6 -0.6 -0.7 -0.6 -0.5 -0.5 -0.7 -0.6 -0.5 -0.5
S2+ -0.1 -0.1 -0.1 -0.1 -0.1 -1.3 -0.1 -0.1 -0.1 -0.2 -0.1 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2
S3+ -1.0 -0.9 -1.0 -0.9 -1.0 -0.4 -0.9 -1.0 -1.0 -0.6 -1.1 -1.1 -1.1 -1.0 -1.1 -1.1 -1.1 -1.0 -1.1 -1.1 -1.1
S4+ -2.5 -2.3 -2.6 -2.3 -2.4 -0.3 -2.4 -2.4 -2.1 -1.4 -2.1 -2.0 -1.7 -1.8 -2.0 -1.8 -1.6 -1.5 -1.9 -1.7 -1.6
Ca -4.6 -5.5 -7.2 -5.5 -4.8 -8.2 -6.1 -4.7 -3.9 -5.4 -4.0 -3.4 -3.5 -3.7 -3.5 -3.4 -3.5 -3.6 -3.4 -3.4 -3.5
Ca+ -1.6 -2.5 -3.6 -2.5 -1.8 -3.6 -3.0 -1.9 -1.3 -2.6 -1.4 -0.9 -0.8 -1.3 -1.0 -0.8 -0.7 -1.2 -0.9 -0.8 -0.7
Ca2+ -0.2 -0.3 -0.3 -0.3 -0.2 -0.7 -0.3 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.3 -0.2 -0.2 -0.2 -0.3
Ca3+ -0.4 -0.4 -0.4 -0.4 -0.4 -0.3 -0.4 -0.5 -0.5 -0.4 -0.6 -0.6 -0.6 -0.6 -0.6 -0.7 -0.7 -0.6 -0.7 -0.7 -0.7
Ca4+ -1.6 -1.4 -1.1 -1.4 -1.5 -0.6 -1.2 -1.4 -1.3 -1.3 -1.5 -1.3 -1.2 -1.4 -1.4 -1.3 -1.2 -1.3 -1.4 -1.3 -1.2
Fe -5.5 -5.7 -7.1 -5.7 -5.3 -9.5 -6.2 -5.2 -4.9 -5.8 -4.8 -4.7 -4.7 -4.8 -4.7 -4.6 -4.6 -4.7 -4.7 -4.6 -4.6
Fe+ -1.8 -2.4 -3.7 -2.4 -1.8 -5.2 -2.9 -1.7 -0.9 -2.2 -1.1 -0.6 -0.5 -1.0 -0.8 -0.5 -0.4 -0.9 -0.7 -0.5 -0.4
Fe2+ -0.4 -0.5 -1.1 -0.5 -0.4 -2.3 -0.7 -0.4 -0.4 -0.7 -0.3 -0.4 -0.5 -0.4 -0.4 -0.5 -0.5 -0.4 -0.4 -0.5 -0.5
Fe3+ -0.3 -0.3 -0.3 -0.3 -0.3 -0.7 -0.3 -0.4 -0.5 -0.3 -0.5 -0.6 -0.6 -0.5 -0.6 -0.7 -0.7 -0.5 -0.6 -0.7 -0.7
Fe4+ -1.0 -0.9 -0.4 -0.9 -1.0 -0.1 -0.5 -0.8 -0.9 -0.5 -0.8 -0.9 -0.9 -0.8 -0.9 -0.9 -0.9 -0.7 -0.9 -0.9 -0.9
Notes: Abundances values are given as log10(Fi/Ft).
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Table 6: U=10−1
Col. (cm−2) 1.0E17 2.9E17 1.0E17 2.9E17 1.0E18 1.4E17 7.1E17 1.4E18 7.1E18 1.4E18 4.3E18 1.4E19 4.3E19 5.7E18 1.4E19 5.7E19 1.4E20 1.0E19 2.9E19 1.0E20 2.9E20
σ1D (km s
−1) 3.5 11.5 11.5 11.5 11.5 20.2 20.2 20.2 20.2 34.6 34.6 34.6 34.6 46.2 46.2 46.2 46.2 57.7 57.7 57.7 57.7
TDW (10
4 K) 2.4 4.5 7.0 4.5 3.3 26.5 7.5 5.5 2.9 79.6 6.1 3.1 2.4 9.4 4.5 2.5 2.2 12.0 4.0 2.5 2.1
MDW 0.3 0.7 0.5 0.7 0.8 0.5 0.9 1.1 1.5 0.5 1.7 2.3 2.7 1.8 2.8 3.3 3.8 2.0 3.6 4.2 4.5
H -4.3 -4.5 -4.8 -4.5 -4.4 -5.7 -4.8 -4.6 -4.2 -6.4 -4.4 -3.8 -3.7 -4.2 -3.8 -3.6 -3.5 -4.0 -3.6 -3.4 -3.4
H+ -0.0 -0.0 -0.0 -0.0 -0.0 0.0 -0.0 -0.0 -0.0 0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0
He -6.1 -6.5 -6.6 -6.5 -6.3 -7.2 -6.5 -6.4 -5.8 -8.9 -5.8 -4.6 -4.5 -5.2 -4.6 -4.2 -4.1 -4.5 -4.3 -4.0 -3.9
He+ -2.0 -2.2 -2.4 -2.2 -2.1 -3.3 -2.4 -2.2 -2.0 -4.3 -2.0 -1.6 -1.5 -1.9 -1.6 -1.4 -1.4 -1.8 -1.4 -1.3 -1.3
He2+ -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0
C -9.3 -8.2 -8.2 -8.2 -8.5 -11.5 -8.1 -7.8 -7.6 -15.7 -6.7 -6.3 -6.3 -6.1 -5.8 -6.0 -6.0 -5.6 -5.7 -5.8 -5.9
C+ -4.8 -4.3 -4.4 -4.3 -4.4 -7.3 -4.4 -4.1 -3.8 -10.8 -3.3 -2.7 -2.7 -2.9 -2.6 -2.5 -2.4 -2.6 -2.4 -2.3 -2.2
C2+ -2.3 -2.3 -2.4 -2.3 -2.2 -4.5 -2.5 -2.3 -1.8 -7.0 -1.7 -1.2 -1.1 -1.4 -1.1 -1.0 -0.9 -1.3 -1.0 -0.9 -0.8
C3+ -1.4 -1.6 -1.7 -1.6 -1.5 -2.7 -1.8 -1.7 -1.3 -4.0 -1.4 -1.0 -0.9 -1.3 -1.0 -0.9 -0.8 -1.2 -0.9 -0.8 -0.8
C4+ -0.2 -0.3 -0.3 -0.3 -0.3 -0.4 -0.4 -0.3 -0.3 -0.9 -0.3 -0.3 -0.3 -0.3 -0.3 -0.3 -0.3 -0.4 -0.3 -0.3 -0.3
C5+ -0.4 -0.3 -0.3 -0.3 -0.4 -0.2 -0.3 -0.3 -0.4 -0.1 -0.3 -0.5 -0.5 -0.3 -0.5 -0.6 -0.6 -0.3 -0.5 -0.6 -0.6
N -10.1 -8.7 -8.2 -8.7 -9.1 -11.0 -8.1 -8.0 -8.1 -17.0 -6.9 -6.3 -6.2 -6.3 -6.0 -5.7 -5.5 -5.3 -5.7 -5.3 -5.2
N+ -5.6 -4.9 -4.4 -4.9 -5.1 -6.8 -4.4 -4.4 -4.4 -12.1 -3.6 -3.1 -3.0 -3.1 -2.9 -2.8 -2.7 -2.8 -2.7 -2.5 -2.5
N2+ -2.7 -2.5 -2.3 -2.5 -2.6 -4.2 -2.4 -2.3 -2.1 -8.5 -1.8 -1.3 -1.2 -1.5 -1.2 -1.1 -1.0 -1.3 -1.1 -0.9 -0.9
N3+ -1.3 -1.3 -1.2 -1.3 -1.3 -2.4 -1.4 -1.3 -1.1 -5.6 -1.0 -0.8 -0.7 -0.9 -0.7 -0.7 -0.7 -0.9 -0.7 -0.6 -0.6
N4+ -0.8 -1.0 -1.0 -1.0 -0.9 -1.5 -1.1 -1.0 -0.8 -3.2 -0.9 -0.7 -0.7 -1.0 -0.8 -0.7 -0.7 -1.0 -0.8 -0.7 -0.7
N5+ -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.5 -0.3 -0.4 -0.4 -0.3 -0.4 -0.4 -0.4 -0.4 -0.4 -0.5 -0.5
N6+ -0.8 -0.7 -0.7 -0.7 -0.7 -0.5 -0.5 -0.6 -0.8 -0.2 -0.6 -0.8 -0.9 -0.6 -0.8 -0.9 -0.9 -0.6 -0.8 -0.9 -0.9
O -10.9 -9.5 -8.7 -9.5 -10.1 -10.3 -8.4 -8.5 -8.8 -17.9 -7.4 -6.2 -5.9 -6.7 -6.0 -5.4 -5.1 -4.9 -5.5 -4.9 -5.0
O+ -6.1 -5.5 -4.9 -5.5 -5.8 -6.1 -4.7 -4.8 -4.9 -12.9 -4.0 -3.2 -3.1 -3.4 -3.1 -2.8 -2.7 -2.9 -2.8 -2.5 -2.5
O2+ -3.1 -3.0 -2.5 -3.0 -3.1 -3.4 -2.5 -2.6 -2.5 -9.4 -2.0 -1.6 -1.5 -1.7 -1.5 -1.3 -1.3 -1.5 -1.3 -1.2 -1.1
O3+ -1.4 -1.4 -1.2 -1.4 -1.4 -1.7 -1.2 -1.2 -1.1 -6.6 -1.0 -0.8 -0.7 -0.8 -0.7 -0.7 -0.6 -0.8 -0.7 -0.6 -0.6
O4+ -0.7 -0.7 -0.5 -0.7 -0.7 -0.8 -0.7 -0.7 -0.6 -4.4 -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.7 -0.6 -0.6 -0.6
O5+ -0.5 -0.6 -0.6 -0.6 -0.6 -0.6 -0.8 -0.7 -0.6 -2.7 -0.7 -0.7 -0.6 -0.8 -0.7 -0.7 -0.7 -0.9 -0.7 -0.7 -0.7
O6+ -0.4 -0.4 -0.4 -0.4 -0.4 -0.3 -0.3 -0.4 -0.4 -0.4 -0.4 -0.6 -0.6 -0.5 -0.6 -0.6 -0.6 -0.5 -0.6 -0.7 -0.7
O7+ -1.4 -1.2 -1.3 -1.2 -1.2 -1.1 -1.0 -1.1 -1.3 -0.2 -1.1 -1.2 -1.3 -1.0 -1.2 -1.3 -1.3 -0.9 -1.2 -1.2 -1.3
Ne -12.1 -11.9 -10.9 -11.9 -12.2 -10.5 -10.0 -10.3 -10.4 -17.2 -8.8 -7.2 -6.9 -7.8 -7.1 -6.1 -6.1 -6.1 -6.5 -5.9 -5.6
Ne+ -7.2 -7.3 -6.7 -7.3 -7.3 -6.5 -6.1 -6.4 -6.1 -12.5 -5.1 -3.9 -3.7 -4.3 -3.8 -3.4 -3.3 -3.6 -3.5 -3.1 -3.0
Ne2+ -3.8 -4.1 -3.9 -4.1 -4.0 -3.8 -3.5 -3.7 -3.2 -8.9 -2.8 -1.8 -1.7 -2.2 -1.8 -1.5 -1.4 -1.9 -1.6 -1.3 -1.3
Ne3+ -1.9 -2.1 -2.1 -2.1 -2.0 -1.9 -1.9 -2.0 -1.6 -6.0 -1.5 -1.1 -1.0 -1.2 -1.0 -0.9 -0.9 -1.1 -0.9 -0.8 -0.8
Ne4+ -0.7 -0.8 -0.8 -0.8 -0.8 -0.8 -0.8 -0.8 -0.6 -3.9 -0.6 -0.5 -0.5 -0.6 -0.5 -0.5 -0.5 -0.6 -0.5 -0.5 -0.5
Ne5+ -0.3 -0.3 -0.3 -0.3 -0.3 -0.4 -0.3 -0.3 -0.3 -2.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.5 -0.5 -0.5 -0.5 -0.5 -0.6
Ne6+ -0.7 -0.6 -0.5 -0.6 -0.6 -0.5 -0.6 -0.6 -0.7 -1.5 -0.7 -0.9 -0.9 -0.7 -0.9 -0.9 -1.0 -0.8 -0.9 -1.0 -1.0
Ne7+ -1.3 -1.2 -1.2 -1.2 -1.2 -1.1 -1.2 -1.2 -1.2 -1.0 -1.2 -1.3 -1.3 -1.2 -1.3 -1.3 -1.3 -1.2 -1.3 -1.3 -1.3
Ne8+ -2.0 -1.7 -1.8 -1.7 -1.8 -1.7 -1.6 -1.6 -1.7 -0.2 -1.5 -1.5 -1.6 -1.4 -1.5 -1.5 -1.5 -1.2 -1.4 -1.5 -1.5
Ne9+ -3.5 -3.1 -3.3 -3.1 -3.2 -3.0 -2.8 -2.9 -3.0 -0.7 -2.6 -2.4 -2.4 -2.4 -2.2 -2.3 -2.2 -2.0 -2.1 -2.1 -2.1
Na -8.9 -9.6 -9.1 -9.6 -9.3 -8.5 -8.9 -9.2 -8.8 -9.6 -8.7 -7.6 -7.4 -8.2 -7.6 -6.4 -6.5 -7.1 -7.0 -6.3 -5.9
Na+ -3.4 -3.6 -3.3 -3.6 -3.5 -2.9 -3.2 -3.4 -3.3 -3.6 -3.1 -2.9 -2.8 -2.9 -2.8 -2.7 -2.6 -2.7 -2.7 -2.5 -2.5
Na2+ -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0
Mg -8.6 -9.4 -10.3 -9.4 -8.8 -10.7 -10.2 -9.6 -7.9 -12.5 -7.6 -5.5 -5.3 -6.4 -5.5 -5.0 -4.9 -5.1 -5.1 -4.7 -4.8
Mg+ -5.4 -6.1 -6.6 -6.1 -5.7 -6.2 -6.6 -6.2 -5.1 -7.2 -5.1 -3.4 -3.2 -4.1 -3.4 -2.9 -2.8 -3.3 -3.1 -2.6 -2.6
Mg2+ -2.5 -2.7 -2.7 -2.7 -2.6 -2.2 -2.6 -2.6 -2.3 -2.9 -2.3 -1.7 -1.6 -2.0 -1.7 -1.4 -1.4 -1.8 -1.5 -1.3 -1.3
Mg3+ -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0
Si -10.4 -9.6 -9.5 -9.6 -9.6 -14.2 -10.2 -9.5 -8.6 -17.3 -8.0 -7.2 -7.2 -7.4 -7.0 -6.8 -6.8 -6.9 -6.7 -6.6 -6.5
Si+ -4.8 -4.6 -4.6 -4.6 -4.5 -9.0 -5.3 -4.7 -3.8 -11.5 -3.5 -2.5 -2.5 -2.9 -2.5 -2.2 -2.2 -2.6 -2.3 -2.0 -2.0
Si2+ -3.0 -2.9 -2.7 -2.9 -2.9 -6.0 -3.4 -2.9 -2.2 -7.6 -2.0 -1.2 -1.2 -1.5 -1.2 -1.0 -1.0 -1.4 -1.0 -0.9 -0.9
Si3+ -2.4 -2.8 -2.4 -2.8 -2.6 -3.8 -3.0 -2.8 -2.1 -4.5 -2.2 -1.4 -1.3 -1.8 -1.4 -1.2 -1.1 -1.6 -1.2 -1.1 -1.0
Si4+ -1.3 -1.5 -1.6 -1.5 -1.4 -1.3 -1.6 -1.5 -1.2 -1.5 -1.3 -1.1 -1.1 -1.2 -1.1 -1.0 -1.0 -1.2 -1.1 -1.0 -1.0
Si5+ -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.1 -0.1 -0.0 -0.1 -0.1 -0.1 -0.1 -0.1 -0.2 -0.2
S -11.4 -8.4 -7.7 -8.4 -9.3 -11.0 -7.7 -7.7 -8.4 -14.6 -7.3 -7.7 -7.9 -7.0 -7.1 -7.5 -7.4 -6.8 -7.0 -7.2 -7.2
S+ -5.6 -3.5 -3.1 -3.5 -4.2 -6.1 -3.1 -3.1 -3.7 -9.2 -2.9 -3.2 -3.3 -2.8 -2.9 -3.1 -3.1 -2.7 -2.8 -2.9 -2.9
S2+ -2.7 -1.4 -1.0 -1.4 -1.9 -3.2 -1.1 -1.1 -1.7 -5.4 -1.1 -1.3 -1.4 -1.1 -1.1 -1.3 -1.3 -1.1 -1.1 -1.2 -1.2
S3+ -1.2 -0.5 -0.4 -0.5 -0.7 -1.3 -0.4 -0.5 -0.8 -2.5 -0.5 -0.7 -0.8 -0.5 -0.6 -0.7 -0.8 -0.6 -0.6 -0.7 -0.8
S4+ -0.0 -0.2 -0.3 -0.2 -0.1 -0.0 -0.3 -0.2 -0.1 -0.0 -0.2 -0.1 -0.1 -0.2 -0.2 -0.1 -0.1 -0.2 -0.2 -0.1 -0.1
Ca -12.7 -12.5 -10.9 -12.5 -12.9 -11.1 -10.3 -10.8 -11.4 -14.4 -9.9 -8.3 -8.0 -9.1 -8.2 -7.6 -7.4 -7.0 -7.7 -7.2 -7.3
Ca+ -7.9 -7.6 -5.8 -7.6 -8.1 -5.3 -5.2 -5.8 -7.0 -7.9 -5.1 -4.8 -4.6 -4.7 -4.7 -4.2 -4.0 -4.1 -4.3 -3.8 -3.8
Ca2+ -4.2 -4.0 -2.6 -4.0 -4.3 -2.2 -2.1 -2.7 -3.6 -4.3 -2.1 -2.4 -2.4 -1.7 -2.1 -2.1 -2.1 -1.7 -2.0 -1.9 -1.9
Ca3+ -1.8 -1.7 -1.1 -1.7 -1.9 -0.9 -0.9 -1.3 -1.6 -2.0 -1.0 -1.2 -1.2 -0.8 -1.0 -1.1 -1.0 -0.8 -1.0 -1.0 -1.0
Ca4+ -0.0 -0.0 -0.0 -0.0 -0.0 -0.1 -0.1 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.1 -0.0 -0.0 -0.0 -0.1 -0.1 -0.1 -0.1
Fe -14.3 -13.4 -12.5 -13.4 -13.8 -12.8 -12.0 -12.3 -12.7 -15.8 -11.3 -9.3 -8.9 -10.2 -9.1 -8.3 -8.2 -7.8 -8.5 -8.0 -7.9
Fe+ -9.7 -9.0 -8.0 -9.0 -9.4 -7.5 -7.4 -7.9 -8.6 -9.9 -7.1 -5.5 -5.1 -6.4 -5.4 -4.7 -4.3 -4.0 -4.9 -4.1 -4.2
Fe2+ -5.7 -5.7 -4.9 -5.7 -5.7 -4.1 -4.4 -4.9 -5.2 -5.8 -4.2 -3.4 -3.2 -3.7 -3.3 -2.9 -2.7 -2.9 -2.9 -2.5 -2.6
Fe3+ -2.4 -2.5 -2.2 -2.5 -2.4 -1.7 -2.0 -2.3 -2.2 -2.6 -1.9 -1.7 -1.6 -1.6 -1.6 -1.5 -1.4 -1.6 -1.5 -1.3 -1.3
Fe4+ -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0
Notes: Abundances values are given as log10(Fi/Ft).
